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ABSTRACT 
Molecular Synthesis and Modification of Surfaces 
for Electronic Device Applications 
by 
David Allen Corley 
This dissertation focuses on the synthesis of molecules and their grafting onto 
surfaces in order to modify the physical properties and behavior of various substrates and 
devices. 
For gold, first presented is the self-assembly of synthesized dipolar molecules 
onto OFET electrodes, demonstrating a powerful technique to tune the device's work 
function for electron injection. Discussed next is a multimodal study using SERS analysis 
of synthesized OPV and OPE molecules self-assembled within single-molecule electrical 
junctions, providing a rare glimpse of how tunneling electrons affect molecular structure 
during conduction. Lastly, STM studies are presented for self-assembled supramolecular 
wires composed of synthesized azobenzene molecules, demonstrating exciting 
cooperative UV- and bias-driven switching behavior. 
For silicon electronic studies where current does not pass through molecules, the 
synthesis and covalent grafting of a unique POM-species is first presented. Next, a 
combination XPS, UPS, IPS, and Kelvin Probe study is presented for a series of grafted 
aryl diazonium salts, offering a model for observed changes in the substrate's work 
function based on grafting-induced changes its surface band bending and electron 
affinity. Presented last is a powerful method utilizing diazonium salt grafting to impurity 
iv 
dope an FET device from the surface, demonstrating effects on electronic transport that 
penetrate even a ~5 um-thick device layer. 
For "through-molecule" electronic studies on silicon, presented is an investigation 
of C6o films solvent-grafted into nanogap devices, yielding bistable switching behavior 
possessing ON:OFF ratios >10 . Also presented is the attachment of Au nanoparticles to 
device surfaces using synthesized molecular tethers. Finally, the grafting of a synthesized 
alkoxyarylaminyl radical is discussed. 
For the protection of silicon devices from environmental conditions, the combined 
use of diazonium salt grafting and alkene thermal hydrosilylation is presented, 
demonstrating enhanced resistance of the surface to oxidation relative to diazonium 
grafting alone. Also discussed is a method to increase surface hydrophilicity using alkene 
hydrosilylation grafting in the presence of dilute HF, effectively protecting MEMS 
devices from capillary collapse during exposure to liquid water and humidity. 
For carbon, the functionalization of graphene devices using synthesized aryl 
diazonium salts is presented, yielding a model for the kinetics of diazonium salt graphene 
functionalization. 
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Chapter 1 
Molecular Electronic Studies on Gold Substrates 
2 
1.1 Controlling Charge Injection in OFET Devices Using Molecular SAMs 
1.1.1 Section Abstract 
A charge injection across the metal/organic semiconductor interface in bottom-
contact poly(3-hexylthiophene) (P3HT) field-effect transistors was studied, with Au 
source and drain electrodes modified by self-assembled monolayers (SAMs) prior to 
active polymer deposition. By using the SAM to engineer the effective Au work function, 
the charge injection process was markedly affected. The contact resistivity and intrinsic 
channel mobility was systematically examined and it was shown that chemically 
increasing the injecting electrode work function significantly improves hole injection 
relative to untreated Au electrodes. 
1.1.2 Introduction 
Improved understanding of the dynamics of charge motion at interfaces between 
metals and organic semiconductors (OSCs) is crucial for optimizing the performance of 
organic optoelectronic devices, including organic field-effect transistors (OFETs). In an 
OFET the electronic structure of the OSC/contacting electrode interface can strongly 
affect the overall performance of the device. The band alignment at the OSC/metal 
1 T 
interface is influenced by several factors such as interfacial dipole formation, " electrode 
contamination,4 and OSC doping.5"7 Depending on the particular band alignment, the 
charge injection mechanism can change significantly, as seen by, for example, linear 
(ohmic) or nonlinear current-voltage characteristics. 
Ohmic contacts between metals and inorganic semiconductors are often achieved 
by strong local doping of the contact regions, but such an approach is challenging to 
implement in OSCs. Bulk doping levels in the OSC do affect injection. In recent work7 
3 
examining charge injection in bottom-contact OFETs based on poly(3-hexylthiophene) 
(P3HT), it was found that large contact resistances and nonlinear transport at low dopant 
concentrations are consistent with the formation of an increased injection barrier for 
holes. Band alignment is also significant. For example, the onset of non-ohmic transport 
at low doping is much more severe in devices with Au source and drain electrodes than 
0 19 
Pt. It has been shown previously " that, by self-assembly of a layer of molecules with an 
intrinsic electric dipole moment, the work function of metal electrodes can be lowered or 
raised, affecting the size of the injection barrier at the metal/OSC interface. While limited 
attempts have been made to use this approach to engineer contacts in OFETs,13'14 
considerably more effort has been dedicated to contacts in organic light emitting diodes 
(OLEDs)10'11'15 and modification of the OSC/dielectric interface1617 in OFETs. In 
contrast to OLEDs, OFETs allow studies of transport with a single carrier type, with 
tunable carrier density independent of the source-drain bias, and with established 
procedures for discerning between contact and bulk effects. Minimizing contact 
resistances is particularly challenging in planar OFETs because the active contact areas 
are generally much smaller than those in vertical OLEDs. 
In this section, using channels of varying length, we systematically examine the 
contact resistances and true channel mobility at various doping levels of bottom-contact 
P3HT OFETs with Au electrodes modified by self-assembly of dipolar molecular 
monolayers of the molecules shown in Figure 1.1.1. We correlate the transport data with 
SAM-induced work function changes as measured by scanning potentiometry. In the case 
of electron-poor (work function-raising) SAMs, we show that contact resistances remain 
low compared to the channel resistance and the transistors show linear transport. These 
observations are consistent with the "pinning" of the local chemical potential at the 
interface at an energy favorable to hole injection and contrast sharply with the strongly 
nonlinear injection observed at low doping levels in OFETs made with bare Au 
electrodes. Furthermore, devices with electrodes modified by electron-rich (work 
function-lowering) SAMs show nonlinear transport and low currents at all doping levels, 
becoming increasingly nonlinear as dopant density is reduced. This is consistent with 
formation of an increased injection barrier for holes in such devices. 
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Figure 1.1.1. Molecules synthesized for self-assembly onto the OFET electrode. 
1.1.3 Experimental 
All reactions were performed under an atmosphere of N2 unless otherwise stated. 
Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl. Triethylamine 
(TEA) was distilled from CaH2 under N2. Bis(triphenylphosphine)palladium(II) 
1 R 
dichloride was prepared according to literature procedures. Thioacetic acid S-(4-
ethynyl-phenyl) ester19 and thioacetic acid 5-(4-iodo-phenyl) ester (thioacetate alligator 
90 
clip) were prepared as previously reported (and covered in detail in the next section, 
1.2). Silica gel plates were 250 mm thick, 40 F254 grade obtained from EM Science. 
Silica gel was grade 60 (230-400 mesh) from EM Science. All new compounds were 
named using the Beilstein Autonom feature. 
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F-OPE 
Synthesis of Thioacetic acid 4-pentafluorophenyIethynylphenyl ester (F-OPE). 
To an oven dried 100 mL round bottom flask were added degassed 1 -ethynyl-2,3,4,5,6-
pentafluorobenzene21 (0.566 g, 2.95 mmol), TEA (2.00 mL, 18.5 mmol), and THF (20 
mL). To a second oven dried 100 mL round bottom flask with a magnetic stir bar were 
added thioacetic acid 5'-(4-iodo-phenyl) ester (0.410 g, 1.47 mmol), 
bis(triphenylphosphine)palladium(II) dichloride (0.041 g, 6 mol%), and copper(I) iodide 
(0.022 g, 8 mol%). The second vessel was then sealed with a rubber septum, evacuated 
and backfilled with N2 (3x). The contents of the first vessel were then transferred to the 
second flask and the reaction was allowed to stir at room temperature for 20 h. The 
reaction mixture was poured into a saturated solution of NH4CI, extracted with CH2CI2, 
then dried using anhydrous MgSC>4. After filtration, the solvent was removed in vacuo. 
The crude product was then purified by silica gel chromatography (gradient elution from 
100% hexanes to 1:3 CH2CI2 hexanes), concentrated, and then precipitated from CH2CI2 
with hexanes to yield the product (0.275 g, 45%) as white solid: mp 114-116 °C; IR 
(KBr) 2923, 2846, 2229, 1709, 1523, 1495, 1115, 984, 831, 612 cm-1; lH NMR (400 
MHz, CDCI3) 5 7.61 (d, J= 8.4, 2H), 7.44 (d, J= 8.4, 2H), 2.45 (s, 3H); 13C (100 MHz, 
CDCI3) 8 193.0, 148.8, 146.3, 140.7, 139.3, 134.7, 132.8, 130.3, 123.0, 30.4. HRMS 
calcd for Ci6H7F5OS: 342.0138, found: 342.0140. 
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Synthesis of Thioacetic acid S-[4-(4-aminophenylethynyl)phenyl] ester (OPE-NH2). 
To an oven dried 100 mL round bottom flask with a magnetic stir bar were added 4-
ethynylphenylamine20 (0.25 g, 2.13 mmol), thioacetic acid <S-(4-iodo-phenyl) ester20 
(0.593 g, 2.13 mmol), bis(triphenylphosphine)palladium(II) dichloride (0.085 g, 4 mol%), 
and copper(I) iodide (0.17 g, 8 mol%). The vessel was then sealed with a rubber septum, 
evacuated and backfilled with N2 (3*). Then, (/-Pr)2EtN (1.5 mL, 8.54 mmol) and THF 
(20 mL) were added. The mixture was allowed to stir at room temperature for 24 h, 
monitored by TLC. The organic layer was concentrated in vacuo then dissolved in 
CH2CI2. The crude product was then purified by silica gel chromatography (CH2CI2) to 
yield the product (0.265 g, 46%) as an off-white solid: mp 114-115 °C; IR (KBr) 3462, 
3371, 2209, 1686, 1515, 1113, 830 cm-1; 'HNMR (400 MHz, CDC13) 5 7.51 (d, J= 8.4 
Hz, 2H), 7.35 (m, 4H), 6.64 (d, J= 8.7, 2H), 3.84 (s, 2H), 2.43 (s, 3H); 13C (100 MHz, 
CDCI3) 5 193.8, 146.9, 134.2, 133.1, 131.9, 127.1, 125.3, 114.7, 112.1, 92.0, 86.7, 30.3. 
HRMS calcd for Ci6HBNOS: 267.0718, found: 267.0723. 
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Synthesis of Thioacetic acid S-[4-(3,4-diaminophenyIethynyl)phenyl] ester 
OPE-2(NH2). To an oven dried 100 mL round bottom flask with a magnetic stir bar were 
added 4-iodobenzene-l,2-diamine (1.00 g, 4.27 mmol), thioacetic acid S-(4-
ethynylphenyl) ester20 (1.06 g, 4.27 mmol), bis(triphenylphosphine)palladium(II) 
dichloride (0.090 g, 3 mol%), and copper(I) iodide (0.050 g, 6 mol%). The vessel was 
then sealed with a rubber septum, evacuated and backfilled with N2 (3x). A co-solvent of 
THF (15 mL) was added followed by TEA (15 mL). The mixture was heated at 50 °C for 
2 h then was stirred at room temperature for an additional 6 h, monitored by TLC. The 
reaction was poured into water, and then the organic layer was diluted with CH2CI2 and 
washed with a saturated solution of NH4CI. The organic layer was dried using anhydrous 
MgS04 and after filtration the solvent was removed in vacuo. The crude product was then 
purified by silica gel chromatography (99:1 EtOAc : TEA), followed by recrystallization 
from THF and hexanes to afford the product (0.070 g, 6%) as a yellow solid: mp 125-127 
°C; IR (KBr) 3424, 3390, 3346, 2201, 1686, 1513, 1111, 818 cm"1; *H NMR (400 MHz, 
CDCI3) 5 7.51 (d, J= 8.5 Hz, 2H), 7.35 (d, J= 8.5 Hz, 2H), 6.93 (dd, J= 8.0, 1.8 Hz 1H), 
6.89 (d, J = 7.9 Hz, 1H), 6.64 (d, 1H), 3.47 (br s, 4H), 2.41 (s, 3H); 13C (100 MHz, 
CDCI3) 5 193.7, 136.2, 134.2, 134.0, 131.9, 127.1, 125.3, 124.7, 119.8, 116.0, 113.6, 
92.1, 86.5, 30.2. HRMS calcd for Ci6Hi4N2OS: 282.0827, found: 282.0828. 
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The OFETs in this experiment were made in a bottom-contact configuration on 
a degenerately doped p+ silicon wafer used as a gate. The gate dielectric was 200 nm of 
thermal Si02. Source and drain electrodes were patterned using electron-beam 
lithography in the form of an interdigitated set of electrodes with systematic increase in 
the distance between each pair. The channel width, W, was kept fixed for all devices at 
200 urn. The electrodes were deposited by electron beam evaporation of 2.5 nm of Ti and 
25 nm of Au, followed by lift off. This thickness of metal was sufficient to guarantee film 
continuity and good metallic conduction while attempting to minimize disruptions of the 
surface topography that could adversely affect polymer morphology. 
Prior to SAM assembly, the substrates were cleaned for 2 min in an oxygen 
plasma. They were then immersed for -24 h in a 1:1 ethanol : chloroform solution of the 
desired molecule at a -0.25 mg/mL concentration, prepared under nitrogen gas. Three 
types of molecules were used in this experiment: an electron-poor fluorinated 
oligo(phenylene ethynylene) (F-OPE) and two electron-rich oligomers, OPE-NH2 and 
OPE-2(NH2) (Figure 1.1.1). These molecules self-assemble from the thioacetate through 
standard Au-thiol deprotection chemistry.24 F-OPE molecules are electron poor and upon 
assembly boost the metal work function (vide infra), whereas the amine-terminated OPEs 
are electron rich and are expected to have the opposite effect. 
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Figure 1.1.2. Electrical transport characteristics for OFET devices. (A) Log-log plot 
of the transport characteristics of a Au/P3HT device after different annealing protocols as 
described in the text. (B) Similar plot for a Au/P3HT device with the electrodes modified 
by F-OPE SAM shown in the inset. (C) Au/P3HT device with electrodes modified by a 
OPE-NH2 (or OPE-2(NH2)) SAM molecules shown in the inset. For all devices, 
L = 40 um, T- 300 K, and fixed VQ = -70 V with the same annealing schedule. The solid 
black line has a slope of 1. 
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1.1.4 Results and Discussion 
To characterize the effect of the SAM molecules on the effective Au work 
function, we used a multimode atomic force microscope (AFM) in surface potential mode 
to measure the surface potential difference between the SAM-treated and bare Au 
substrates. Although not suited to absolute measurements of work function, this method 
is useful for comparing relative differences in work function between differently treated 
surfaces. By comparing measured contact potentials of unmodified and SAM-coated Au 
films, we found that the F-OPE-treated Au substrates exhibited an effective work 
function increased by ~0.9 eV for an assembly period of 2 d relative to untreated 
coevaporated Au films. In addition, the F-OPE-treated samples showed stability and 
consistency in contact potential measurements over extended periods (d) of exposure to 
ambient conditions. For the OPE-NH2- and OPE-2(NH2)-treated surfaces, however, it 
was difficult to obtain consistent surface potential differences with respect to bare Au, 
though most showed a slight decrease (-0.1 eV) in work function. These difficulties 
appear to result from instability of the resulting surfaces under extended exposure to 
ambient conditions. However, as shown below, these electron-rich molecules have a clear 
impact on band energetics at the interface, with transport measurements suggesting the 
formation of an injection barrier for holes. 
The organic semiconductor, 98% region-regular P3HT (Sigma-Aldrich), was 
dissolved in chloroform at a 0.06% weight concentration, passed through 
poly(tetrafluoroethylene) (PTFE) 0.2 urn filters, and solution cast onto the treated 
substrate, with the solvent allowed to evaporate in ambient conditions. The resulting 
films were tens of nm thick as determined by AFM. The measurements were performed 
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in vacuum (~10"6 Torr) in a variable temperature range probe station using a 
semiconductor parameter analyzer. Exposure to air and humidity is known to enhance 
hole doping in P3HT.25 To reduce this impurity doping, the samples were annealed at 
elevated temperatures (up to 380 K) in vacuum for several h and then allow it to cool to rt 
for measurement. This resulted in a reduction in the background dopant concentration as 
easily characterized through the two-terminal bulk P3HT conductivity. 
The devices operate as standard p-type FETs in accumulation mode. With the 
source electrode grounded, the devices characteristics were measured in the shallow 
channel regime (Vo < VQ). Figure 1.1.2A shows the transport characteristics of a 
Au/P3HT device with L = 40 um at T = 300 K and at a fixed VG = -70 V for different 
doping levels. In anneali, the sample was vacuum treated in the analysis chamber at 
300 K for 16 h. Anneab corresponds to the sample being further heated in vacuum for 
18 h at 350 K, while anneal includes yet an additional 18 h at 360 K. As in earlier 
experiments,7 the transport in devices with unmodified Au electrodes becomes nonlinear 
after prolonged annealing steps, and the current drops by orders of magnitude. This is 
attributed to the formation of an increased injection barrier for holes, and similar effects 
Oft 
have been reported by others. 
In contrast, Figure 1.1.2B shows the transport for a device with similar geometric 
parameters and annealing schedule, in which the electrodes were modified by F-OPE 
SAM molecules prior to P3HT deposition. Even though ID dropped at higher annealing 
steps, the currents remained linear with V& and as shown below, the contact resistance 
remained much lower compared to bare Au devices. This behavior was similar to 
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previous observations for Pt/P3HT devices. These effects have been verified in 
annealing cycles on multiple arrays of F-OPE-treated devices. 
In Figure 1.1.2C, the electrode surfaces were modified by OPE-NH2. In this case, 
the currents were much lower than those in either A or B, and even when the hole doping 
of the P3HT was significant, the injection was non-ohmic, with I& rising superlinearly 
with Vu- In highly annealed conditions, this behavior was superquadratic. Transport data 
for the OPE-(NH2)-treated and OPE-2(NH2)-treated devices were qualitatively similar to 
one another. 
From the data in Figure 1.1.2A and B, the channel resistance, i?Ch, the intrinsic 
device mobility, \i, and the contact resistance, Rc, were all extracted from the L 
dependence of the total device resistance, Ron = dVv/dlu, over a T and VQ range as 
described in ref 18. We obtained Rc in the limit \VQ\ < 1 V, where transport was still 
reasonably linear even after the longer annealing runs. We note that although we have 
developed a procedure for extracting contact current-voltage characteristics even in the 
limit of strong injection nonlinearities, it is difficult to quantify such injection by a single 
number such as Rc. In the shallow channel limit, it is straightforward to convert the gate 
dependence of i?Ch into a field-effect mobility.23 
Figure 1.1.3 A shows a log-log plot of [i versus Rc for two sets of devices over a 
series of temperatures and gate voltages for an initial annealing step. The open symbols 
correspond to data from the F-OPE-treated electrodes, and the filled symbols were 
extracted from bare Au/P3HT data. The error bars come from the uncertainty in the slope 
and intercept of i?0n versus L plots. Indeed, in device arrays with Rc « Rch, deviations 
from perfect scaling of i?Ch °c L can lead to "best fit" values of Rc that are actually 
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negative (and hence cannot be plotted on such a figure), though with appropriately large 
error bars. Here, the mobility and the contact resistance for both device sets were similar, 
consistent with similarity in the magnitude of ID - Vu for both samples. In the proceeding 
annealing steps, however, the contact resistance for the sample with untreated electrodes 
increased significantly, compared to the SAM-treated device (Figure 1.1.3B and C). 
Although the Au/P3HT devices become severely contact limited at high dedopings, the 
treatment of Au electrodes with F-OPE molecules keeps the contact resistance relatively 
low compared to channel resistance, and the transport characteristics remained linear. 
This ohmic injection persisted even when the bulk VQ = 0 conduction in the P3HT film 
was completely suppressed at room temperature. 
The results in F-OPE-treated devices was quantitatively similar to those obtained 
in charge injection from Pt electrodes into P3HT. Although it is difficult to probe the 
energy level alignment directly at the metal/organic interface (because of the thick P3HT 
film resulting from solution casting), it was clear that increasing the Au effective work 
function results in improved electronic performance of these OFETs. In light of the many 
experiments showing the formation of interfacial dipoles at the metal/OSC interface upon 
deposition of the OSC,1"3 it is possible that the introduction of work function-raising 
SAMs such as F-OPE in our experiments counteracted or prevented the work function 
lowering effect of these interfacial dipoles. This can result in a pinning of the energy 
levels at the interface such that there is a small or nonexistent injection barrier for holes. 
However, the work function-lowering OPE-NH2 SAMs appeared to contribute more 
substantially to the interfacial dipoles, resulting in significant Schottky barrier formation 
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for holes at the interface and severe nonlinear injection in these devices. The subsequent 
dedopings have the same implications discussed earlier.7 
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Figure 1.1.3. Device mobility vs. contact resistance after annealing. (A) Log-log plot 
of |x vs Rc for 2 sets of devices over a series of temperatures and gate voltages. The open 
symbols correspond to data from the F-OPE-treated electrodes, and the filled symbols 
were extracted from bare Au/P3HT data. Anneal i here corresponds to the sample being 
pumped in vacuum at 320 K overnight; (B) the device characteristics were again 
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determined after the sample was annealed at 350 K for 18 h (anneab) (C) device 
characteristics were again determined after another anneal step similar to B. The reason 
for fewer data points in parts B and C for the SAM-treated sample was a smaller contact 
resistance with significant error compared to the channel resistance. 
1.1.5 Conclusions 
We have used dipole-containing self-assembled monolayers on the Au source and 
drain electrodes to strongly manipulate the charge injection process across the metal-
organic interface in a series of polymer FETs based on P3HT. To see the effect of dopant 
concentration on device performance, we measured device properties after each of a 
series of mild annealing steps in vacuum. We extracted the contact resistances and the 
intrinsic channel mobility from the length dependence of the resistance for bare Au/P3HT 
and fluorinated-OPE Au/P3HT devices where transport was still relatively linear at low 
drain bias. At low dopant concentrations, SAM-modified devices showed significantly 
lower contact resistances and higher mobilities compared to unmodified devices. We 
attribute these findings to higher metal work functions and small injection barriers for 
holes in the case of F-OPE SAM modified devices, resulting from better energetic 
alignment with the valence band of the organic semiconductor. These results 
quantitatively demonstrate the power of simple surface chemistry in modifying the 
dynamics of charge at interfaces with OSCs, even in nearly undoped material. Such 
techniques will be generally useful in significantly improving technologies based on 
these versatile materials. 
This work has been published in the ACS journal, Nano Letters. 
16 
1.1.6 Contributions 
Dr. Jacob Ciszek and I performed the synthesis and characterization of the 
molecules used in this section. Dr. Behrang Hamadani and Professor Douglas Natelson 
were responsible for the OFET fabrication, the electrical measurements, and the 
interpretation of the data. 
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1.2 (Oligo)phenylene Vinylene (OPV) and (Oligo)phenylene ethynylene 
(OPE) Molecules for Multimodal, Simultaneous Surface Enhance 
Raman Spectroscopy (SERS) / Electrical Transport Studies in Single-
Molecule Junctions 
1.2.1 Section Abstract 
A series of conjugated molecules were synthesized with either aryl amine or aryl 
thioacetate moieties for attachment to the Au electrodes of a single-molecule electrical 
junction device for multimodal analysis. Surface-enhanced Raman spectroscopy (SERS) 
measurements for single-molecule junctions loaded with one (oligo)phenylene vinylene 
(OPV) target molecule is presented, demonstrating strong temporal correlations between 
changes in the Raman signal and the electrical transport across the junction. These 
spectral changes are the result of vibrational modes that are being selectively pumped by 
the current tunneling through the molecule under applied bias. Stark shifts are observed 
for Raman signals under an applied DC bias, providing further insight to the orientation 
of the molecule within the interelectrode gap. The study demonstrates the power of 
multimodal analysis to elucidate the physical properties of a single molecule's state 
during conduction, which is important to verify quantum calculations and models for 
molecular conduction. 
1.2.2 Introduction 
Raman spectroscopy provides information about the vibrational modes of 
molecules by exciting the molecule into a virtual state with relatively low-energy IR 
irradiation while measuring the inelastic scattering that results from the relaxation of the 
molecule back to its ground state. Surface-enhanced Raman spectroscopy (SERS) of 
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molecules near Ag and Au surfaces has been an popular topic in the literature since its 
discovery 1974,1 largely due to the fact that the signal enhancement for SERS may be as 
high as 1015, opening the door to the possibility of analyzing samples as small as a single 
molecule. Initial approaches toward single molecule SERS depended on molecules 
grafted onto the surface of, and at the interface between, metallic nanoparticles in a 
bottom-up approach. " 
For molecular electronics endeavors, understanding the behavior and the changes 
in the local environment of a single molecule during electrical conduction is of 
fundamental importance. While single-molecule STM measurements6"11 and metallic 
break-junction12"14 devices allow for electrical characterization details, experimentalists 
desiring to gain a full picture of how the molecule and its local environment are changing 
in order to allow electrons to tunnel through them, and how they are in turn affected by 
this tunneling phenomenon, are largely left wanting. 
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Figure 1.2.1. Single-molecule junctions and calculated SERS enhancement. 
(A) Mock-up of the single molecule junction. (B) Enlargement of interelectrode gap 
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where small asperities form the narrowest points in the < 5 nm channel, only 1 - 2 nm 
apart, and demonstrate the strongest electromagnetic SERS enhancement effect, > 108, 
indicated by the brighter colors from the displayed color scale. (C) Cross-section 
indicated in B demonstrating the thick silicon oxide layer that prevents the enhancement 
effect from reaching the silicon surface. 
Professor Douglas Natelson's group pioneered a high-yielding, top-down, mass-
fabrication technique to construct well-defined, planar Au electrodes with nanoscale 
interelectrode gaps (Figure 1.2.1).15'16 These single-molecule junctions are formed from a 
-15 nm e-beam deposited Au film onto a SiC>2 (200 nm) / Si substrate. These films have a 
defined constriction point that is -500 nm long and -100 - 180 nm wide. This 
constriction point is electromigrated with an automated procedure to form an atomic-
scale constriction with a resistance of ~3 kQ. This constriction is then allowed to break 
spontaneously, forming the nanogap (Fi gure 1.2.1).15'16 Molecules can then be introduced 
into the interelectrode gap using amine17'18 or thiol/thioacetate moieties19 to bind to the 
Au electrode surface. A confocal Raman microscope is employed for SERS 
measurements to be performed on the "hot-spot" asperities, where the channel is the 
narrowest ( 1 - 2 nm), such that only a single molecule occupies the space between the 
two Au electrodes.1516 The Au electrodes provide an excellent electromagnetic SERS 
enhancement (approaching 1012 ),16 while also providing the ability to apply AC or DC 
bias across the molecule and measure the conductance of the molecule during collection 
of the Raman spectrum, a technique known as multimodal analysis.15 The microscope is 
also equipped with a cryostat that minimizes thermal effects and degradation during 
measurement. 
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Figure 1.2.2. Molecules synthesized for multimodal (SMJ/SERS) analysis. 
In this section, the synthesis of a series of molecules (Figure 1.2.2) with amine 
and thiol terminal functionality for attachment to the Au electrodes of the single-molecule 
junction is reported. All of the molecules are fully conjugated; the OPV-3 and OPV-5 
structures are examples of (oligo)phenylene vinylene (OPV) molecules, and the OPV-2 
and OPE-3 are (oligo)phenylene ethynylene (OPE) molecules. To date, only the three-
ring OPV has been analyzed in this system. The preliminary multimodal analysis for this 
molecule will be presented. 
1.2.3 Synthesis 
For the synthesis of the OPV molecules, organic solvent solubility was the initial 
issue to address. Large OPV molecules that lack solubilizing groups, such as long alkyl 
chains, are difficult to dissolve in organic solvents due to strong intermolecular %-ii 
stacking. Therefore, a common center ring was synthesized for the OPV-3 and OPV-5 
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molecules that contains two Cio alkyl chains to enhance solubility and retard 
intermolecular iz-n stacking. To do this, hydroquinone was treated with base in the 
presence of C10H21I (Figure 1.2.3) to install these alkyl chains. After attachment of these 
groups, the product was iodinated with IC1 to produce the 1,4-diiodinated product 
shown. 20 
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C-10H21O 
OC10H21 
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Figure 1.2.3. Synthesis of the center aryl ring for the OPV-3 and OPV-5 targets. 
The three-ring OPV, OPV-3, was constructed using a single Pd-catalyzed Heck 
coupling to the center ring using commercially available 4-aminostyrene (Figure 1.2.4). 
C10H21O 
OC10H2i H2N 
*U^ OC10H21 H?N 
W // Pd(OAc)2 
TBAB 
K2C03 
DMF 
16% 
C10H2iO 
OPV-3 
Figure 1.2.4. Synthesis of OPV-3. 
From there, it seemed efficient to pursue a route where OPV-5 could be 
synthesized from OPV-3 (Figure 1.2.5). Therefore, a functional group exchange of the 
aryl amine groups OPV-3 to aryl iodides via a Sandmeyer-style reaction (diazotization 
followed by iodination) was pursued. Once complete it would allow for a second Heck 
coupling to fully extend the three-ring structure to the five-ring structure in few steps 
(Figure 1.2.5). 
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Figure 1.2.5. Intended synthesis scheme for converting OPV-3 to OPV-5. 
However, this synthesis approach proved fruitless as the diazonium salts produced 
from OPV-3 continued to eliminate under multiple conditions, resulting in over-all 
exchange of the aryl amine for a proton and release of N2 (Figure 1.2.6). 
1)BF3-OEt2 
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THF 
OC10H21 
C10H21O 
OPV-3 
2) Kl / 1 2 
CH3CN 
1) NOBF4 
DCM 
CH3CN 
.OC10H21 
C10H21O 
2) Kl / 1 2 
Figure 1.2.6. Sandmeyer-style reaction on OPV-3 resulted in elimination / protonation. 
Therefore, OPV-5 was synthesized using another route (Figure 1.2.7). Beginning 
with the same center ring structure, the aryl iodides were lithiated, quenched with 
dimethylformamide (DMF), then worked up with base to yield an overall functional 
group exchange of the two aryl iodides for aryl aldehydes. Separately, 
4-bromobenzylbromide was reacted in neat P(OEt)3 to yield the desired Arbuzov reagent 
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(benzyl phosphonate). The Arbuzov reagent, activated by deprotonation with NaH, was 
subsequently coupled to the aldehyde moieties of the center ring using Horner-
Wadsworth-Emmons olefination to yield the OPV-3-Br structure (Figure 1.2.7). 
n r u 1) f-BuLi, Et20, THF, -78 °C 
U U 1 0 M 2 1 2 ) D M p _ 4 0 o C t Q rt 
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Figure 1.2.7. Synthesis scheme for OPV-3-Br. 
After synthesizing OPV-3-Br, a final Heck coupling rendered the five-ring OPV, 
OPV-5 (Figure 1.2.8). Even with the solubilizing groups on the center ring, the solubility 
of OPV-5 was poor in all solvents, save THF. Therefore, successive recrystallizations 
from THF/hexanes mixtures were required to purify the final compound. During the 
initial recrystallization, a single crystal of iodine was added during heating to ensure 
complete isomerization to the trans form. 
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Figure 1.2.8. Synthesis of the OPV-5 from a final Heck coupling. 
The synthesis of the two-ring OPE thioacetate, OPE-2, began with the synthesis 
of the thioacetate alligator clip from commercially available pipsyl chloride via zinc 
reduction,21 followed by acetate protection using acetyl chloride. The alligator clip was 
then coupled to commercial phenyl acetylene via Sonogashira coupling under an inert 
atmosphere (Figure 1.2.9). 
1)Zn 
AcNMe2 
Me2SiCI2 v\ ir 
CICH2CH2CI / = \ ^ // I—(\ / } - S 0 2 C I *- I—(\ /)—SAc *• (\ / ) — = — ( \ / / - S A c 
^
 f/
 2)K2C03 ^ - ^ Pd(PPh3)2Ci2 \-Jf \ ^ / 
3 ) A c C I Thioacetate THF/TEA OPE-2 
Alligator Clip 
81 % 63 % 
Figure 1.2.9. Synthesis scheme for OPE-2. 
The synthesis of the three-ring OPE thioacetate, OPE-3, began with the 
monocoupling of phenylacetylene to 4-bromoiodobenzene under Sonogashira conditions. 
The aryl bromide was then exchanged for an aryl iodide via a lithium-halogen exchange, 
followed by quenching with 1,2-diiodoethane (Figure 1.2.10). The thioacetate alligator 
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clip was then coupled to trimethylsilylacetylene (TMSA) under Sonogashira conditions. 
The alkyne was subsequently deprotected using tetrabutylammonium fluoride (TBAF) in 
the presence of acetic anhydride/acetic acid to reacylate the thiol as it is prone to 
deprotection under TBAF conditions (Figure 1.2.9).6 
., . , — = 1) f-BuLi, THF 
NN // F=\ f=\ -78°C 
' - \ j ^ B r Pd(PPhf)2c,2- sjr^^vJ-* 2)ICH2CH; i r - \ r ' 
THF/TEA 95% (3 steps) 
TBAF 
(CH3CO)20 
/ = \ TMS—^s / = \ AcOH / = \ 
I—(\ / )^SAc *• T M S - ^ — ( \ h—Skz *- = — L /VsAc 
^-y Pd(PPh3)2CI2 ^—^ THF ^-4 
Cul 50 % 
THF/TEA 
85% 
Figure 1.2.10. Synthesis of two OPE-3 precursors. 
The two halves of the molecule were assembled using a Sonogashira coupling to 
render OPE-3 (Figure 1.2.11). The low solubility of the product hindered 
chromatographic purification; therefore, successive recrystallizations were performed to 
isolate the pure product, resulting in a modest yield. 
Pd(PPh3)2CI2 
18% 
OPE-3 
Figure 1.2.11. Synthesis of OPE-3. 
1.2.4 Experimental 
Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl. 
Triethylamine (TEA) was distilled from CaF^ under N2. Triethylphosphite (98%, 
Aldrich) was used as received. 4-Aminostyrene (90%, Aldrich) was used as received. 
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Bis(triphenylphosphine)palladium(II) dichloride was prepared according to literature 
procedures. Silica gel plates were 250 mm thick, 40 F254 grade obtained from EM 
Science. Silica gel was grade 60 (230 - 400 mesh) from EM Science. The technical 
specifications of the multimodal electrical transport / confocal Raman microscope was 
previously reported,16 with the addition of a cryostat to allow the temperature to be 
maintained at 80 K. Briefly, it is composed of a WITec CRM 200 scanning confocal 
Raman microscope in reflection mode with a 100x objective and a 785 nm diode laser as 
an excitation source. For application of bias and taking electrical measurements, a digital 
lock-in amplifier (SRS SR830) was connected to one pad, while the other pad was 
connected to a current-to-voltage converter (either SRS SR570 or Keithley 482). The 
syntheses of the two- and three-ring OPE thioacetates were previously reported.6'23 
Synthesis of OPV-3. Anhydrous DMF (120 mL) was placed in a 250 mL round 
bottom flask and two freeze-pump-thaw cycles were performed to ensure the removal of 
oxygen. A large screw-cap tube was charged with 2,5-didecoxy-l,4-diiodobenzene (10.4 
g, 16.2 mmol),20 tetrabutylammonium bromide (15.7 g, 48.6 mmol), Pd(OAc)2 (0.40 g, 
1.62 mmol), and K2C03 (4.48 g, 32.4 mmol). 4-Aminostyrene (5.00 g, 32.4 mmol) was 
added to the DMF and the resulting solution was cannulated into the screw-cap tube. The 
tube was sealed with the Teflon cap and the tube was heated to 100 °C for 1 d. After 
cooling, the crude reaction mixture was poured into water, extracted with Et20, dried 
over MgSC>4, and then the solvent was removed under reduced pressure. The crude 
product was then purified by silica gel chromatography using 1:1 CH2CI2 : hexanes as 
28 
eluent. The solid was then recrystallized from CH2CI2 : hexanes to yield 1.57 g (16%) of 
an orange solid. IR: 3729, 3470, 3375, 3207, 3025, 2925, 2851, 2648, 2321, 1976, 1622, 
1599, 1516, 1466, 1413, 1254, 1172, 962, 895, 812 cm"1. 'HNMR (400 MHz, CD2C12) 8 
7.26 (d, J= 8.3 Hz, 4H), 7.18 (d, J= 16.5 Hz, 2 H), 7.01 (2 H), 6.96 (d, J = 16.5 Hz, 2 
H), 3.95 (t, J= 6.5 Hz, 4 H), 3.73 (br s, 4 H), 1.78 (m, 4 H), 1.45 (m, 4 H), 1.34 (br m, 24 
H), 0.80 (m, 6 H); 13C (100 MHz, CD2C12) 5 151.35, 147.02, 128.95, 128.91, 128.18, 
127.21, 120.02, 115.51, 110.58, 70.10, 32.51, 30.26, 30.19, 30.14, 30.06, 29.96, 26.88, 
23.29, 14.48. HRMS calcd for C42H60N2O2: 624.4655, found: 624.4662. 
Synthesis of OPV-3-Br. 4-Bromobenzyltriethylphosponate (1.32 g, 4.30 mmol) 
was placed in a 250 mL, oven-dried round bottom flask and dissolved in THF (60 mL). 
The solution was cooled to 0 °C and NaH (114 mg, 4.73 mmol) was added. After stirring 
for 30 min at 0 °C, 2,5-dialkoxyterephthalaldehyde25 (0.96 g, 2.15 mmol) was added and 
the solution was allowed to warm to rt and stir for 3 d. The solvent was removed under 
reduced pressure and the crude solid was purified on a silica gel column using 20% 
CH2C12 as eluent. The NMR indicated a mixture of isomers; therefore, the solid was 
dissolved in 125 mL of benzene, heated to 40 °C, and a single crystal of I2 was added. 
After stirring at 40 °C for lh, the solvent was removed under reduced pressure. The 
resulting solid was then recrystallized from hexanes and washed with pentane to yield 
1.36 g (63%) of a yellow solid. IR: 3470, 3375, 3060, 3022, 3007, 2916, 2845, 1625, 
1504, 1484, 1469, 1425, 1384, 1334, 1251, 1201, 1101, 1065, 1042, 1018, 1004, 980, 
959, 839, 800, 703 cm"1. 'H NMR (400 MHz, CDCI3) 8 7.47 (m, 5 H),7.42 (s, 1 H), 7.38 
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(d, J= 8.5 Hz, 4 H), 7.06 (d, J= 16.5 Hz, 4 H), 4.04 (t, J= 6.5 Hz, 4 H), 1.86 (m, 4 H), 
1.53 (m, 4 H), 1.27 (br m, 24 H), 0.88 (m, 6 H); 13C (100 MHz, CDC13) 8 219.13, 151.10, 
136.87, 131.72, 127.94, 127.63, 126.71, 124.18, 121.08, 110.62, 69.52, 31.91, 29.67, 
29.58, 29.46, 29.45, 29.36, 26.29, 22.69, 14.13. HRMS calcd for C42H57Br202+: 
750.2647, found: 750.2634. 
Synthesis of OPV-5. A flame-dried 50 mL round bottom flask was charged with 
anhydrous DMF (30 mL) and two freeze-pump-thaw cycles were performed to ensure 
that all oxygen had been removed. A screw-cap tube was charged with OPV-3-Br (0.70 
g, 0.93 mmol), tetrabutylammonium bromide (0.90 g, 2.79 mmol), Pd(OAc)2 (0.05 g, 
0.22 mmol), and K2CO3 (0.26 g, 1.88 mmol). 4-Aminostyrene (0.22 g, 1.87 mmol) was 
added to the DMF and the resulting solution was cannulated into the screw-cap tube. The 
tube was sealed with the Teflon cap and the tube was heated to 100 °C for 1 d. After 
cooling, the crude reaction mixture was poured into water, extracted with Et20, dried 
over MgSC>4, and then the solvent was removed under reduced pressure. The crude solid 
was successively recrystallized from THF / hexanes to separate the product from the 
monocoupled impurity and yield 270 mg (35%) of an orange solid. IR: 3461, 3375, 3202, 
3025, 2919, 2851, 1982, 1684, 1619, 1590, 1510, 1463, 1425, 1375, 1289, 1204, 1180, 
1054, 1001, 965, 845, 824, 668 cm'1. *H NMR (400 MHz, THF-d8) 8 7.43 (m, 10 H),7.18 
(m, 8 H), 6.99 (d, J= 16.25 Hz, 2 H), 6.82 (d, J= 16.25 Hz, 2H) 6.50 (d, J = 8.5 Hz, 4 
H), 4.61 (s, 4 H), 4.03 (t, J= 6.4 Hz, 4 H), 1.84 (m, 4 H), 1.54 (m, 4 H), 1.25 (br m, 24 
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H), 0.84 (m, 6 H); 13C (100 MHz, THF-d8) 8 152.30, 149.72, 138.86, 137.60, 130.11, 
129.36, 128.60, 127.95, 127.59, 127.11, 124.07, 123.55, 115.15, 111.25, 103.02, 70.18, 
33.10, 30.89, 30.79, 30.70, 30.66, 30.56, 27.49, 23.79, 14.67. HRMS calcd for 
C58H72N202: 829.5672, found: 829.5704. 
1.2.5. Results and Discussion 
All of the Raman analyses were performed with a custom-built Raman 
microscope with the sample cooled to cryogenic temperatures (80 K) to minimize device 
degradation during measurement. Figure 1.2.12 contains a SERS waterfall plot along 
with a positively correlated conductance measurement for OPV-3 loaded into a single-
molecular junction. Here we observe changes in the Raman spectra that temporally 
correlate with changes in the conductance of the molecule, similar to correlations 
previously observed using different molecules in this device structure.15'16 The Raman 
lines fluctuate in intensity (blinking on and off) and undergo spectral diffusion (decrease 
or increase in energy) throughout the experiment, likely due to changes in conformation 
and binding of an individual molecule in the interelectrode gap under an applied bias.16 
The presence of a single molecule is further supported by the small amount of current 
observed, which is reasonable tunneling current for a single molecule when compared to 
measurements of single molecules in break-junction device structures.1516 
The data also demonstrates how electrical current can be used to pump vibrational 
states in the molecule inside the single-molecule junction. It is known from various 
electronic transport measurements and techniques, including inelastic electron tunneling 
spectroscopy (IETS) studies, that tunneling electrons can excite molecular 
vibrations.15'16'26 Figure 1.2.13 shows the anti-Stokes and Stokes Raman spectra when a 
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low (10 mV) AC bias is placed across a junction loaded with OPV-3. When the voltage 
is increased to 190 mV and the spectra are collected a second time, an increase in the 
strength of several of the signals (around 460 cm"1 and 930 cm"1) is observed in both the 
anti-Stokes and Stokes Raman spectra, representing vibrational modes being pumped by 
the higher applied bias. Moreover, the peaks representing these vibrational modes 
"turning on" at different rates, meaning that it was not just a thermal heating effect being 
observed during measurement. Additionally, the 520 cm"1 signal from the underlying 
silicon substrate provides a reference point to verify that the observed spectral changes 
are due to changes in the local environment of the molecule, not due to a variation in 
spectrometer response. 16 
Figure 1.2.12. SERS waterfall plot and positively correlated conductance measurement 
for a single-molecule junction loaded with OPV-3. 
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Figure 1.2.13. Anti-Stokes and Stokes SERS OPV-3 under different AC biases. The top 
spectra were taken under 10 mV AC bias while the bottom spectra were taken under 190 
mV bias. The large peak at 520 cm"1 is the Raman line from the underlying silicon 
substrate. 
In a particularly stable single-molecule junction, a strong temporal correlation can 
be seen between both the spectral diffusion and intensity fluctuation of a certain Raman 
line and the applied DC bias (Figure 1.2.14). When a large positive voltage is applied 
across the junction, the signal decreases in strength and shifts to lower energies, which is 
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an example of the Raman Stark effect. Since this effect is only present within an electric 
field, this provides solid evidence that the molecule is, in fact, located inside the 
interelectrode gap. The cause of this observed spectral diffusion is the changing in the 
local DC electric field near the molecule due to environmental changes, likely caused by 
charge traps near the junction changing state or by passing polar adsorbate molecules. 
Further analysis and modeling of this data will provide information about the orientation 
and behavior of the molecule within the interelectrode gap during electronic transport. 
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Figure 1.2.14. Raman waterfall spectrum of a particular Raman signal and temporally 
correlated applied DC bias for OPV-3. Application of a negative voltage results in a 
signal shift to lower energies and loss of intensity while a positive voltage results in a 
shift to higher energies and an increase of signal intensity. 
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1.2.6. Conclusions 
In conclusion, a series of conjugated molecules with amine and thioacetate 
terminal moieties were synthesized for self-assembly into Au single-molecule junctions 
for multimodal, simultaneous SERS and electrical transport analysis. While only one 
molecule of the series has been analyzed thus far, the preliminary results indicate that 
may be possible to electrically pump vibration states of the intercalated molecule of 
interest. While single molecule electrical measurement and single molecule SERS 
analysis are interesting in their own right, the multimodal analysis is a powerful tool that 
allows for insight regarding the molecule's vibrational state as electrons begin to tunnel 
through the structure, which allows for comparison to various mathematical and physical 
models of molecular conduction. This technique could also be beneficial in detection 
applications where activation of normally silent Raman signals could be pumped by an 
applied electromagnetic field to provide more structural information about a particular 
analyte. SERS of single-molecule junctions under an applied DC voltage demonstrate a 
Raman Stark shift. Further analysis of this effect will likely provide previously 
unattainable information about the behavior and local environment of the molecule 
within the gap during electrical transport, which will subsequently test the plethora of 
theoretical models for molecular conduction that have been offered. 
This work is currently being completed to be submitted as two publications, and 
multimodal studies of the other synthesized structures will soon follow. 
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1.2.7. Contributions 
I contributed the synthesis and characterization of the molecules in this section. 
The Raman measurements and explanation of the physics were contributed by Dan Ward 
and Professor Douglas Natelson of the Rice Physics Department. 
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1.3 STM Studies of Synthesized Azobenzene Molecules Assembled on Au 
1.3.1 Section Abstract 
Azobenzene molecules were synthesized and self-assembled into a decanethiol 
host matrix on Au{l l l} surfaces for analysis using scanning tunneling microscopy 
(STM). The purpose of the STM study was to investigate the structure of supramolecular 
chains of self-assembled Azoi and their isomerization switching behavior on Au surfaces. 
These azobenzene chains were observed to photoswitch under UV/visible light irradiation 
similar to the isolated molecules. They were also shown to behave as molecular wires by 
demonstrating that when a bias was applied to one point on the azobenzene chain using 
the STM tip, the bias-driven molecular switching is observed to propagate through the 
entire length of the chain. The relationship between the conductivity of the tether binding 
the self-assembled azobenzene molecules (Azoi and AZ02) to the Au surface and their 
resulting photoswitching behavior was also investigated. We observed that if the tether 
anchoring the molecule to the Au surface was conductive, the azobenzene moiety 
remained locked into the ON-state despite photoirradiation. 
1.3.2 Introduction 
Azobenzene structures are of interest to molecular electronic investigators largely 
due to their reversible cis-trans isomerization that can be cycled repeatedly without 
degradation through photoirradiation1" or application of an electric field.1'4 
In previous work conducted in collaboration between the research groups of 
Professor James Tour and Professor Paul Weiss (Perm State), individual Azoi (Figure 
1.3.1) azobenzene molecules were self-assembled into the domain boundaries and defect 
sites of a decanethiol host matrix.1 Using STM, these individual azobenzene molecules 
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were observed to switch between the ~2.1 A, trans (ON) form and the ~0.7 A, cis (OFF) 
form from both photoirradiation and an applied bias from the STM tip (Figure 1.3.1). 
Apparent 
Height = -2.1 A S ON (trans) Apparent 
Height = -0.7 A OFF (cis) 
s s s s s s s s s s s s s s 
Figure 1.3.1. Photoswitching of Azoi in a decanethiol matrix on a Au{ 111} surface. 
\ // 
o-
SAc 
Azo! ' SH Azo2 
Figure 1.3.2. Azobenzene molecules Azoi and Azo2 synthesized for STM studies with 
differing tethers for attachment to the Au{ 111} surface. 
Since the publication of the seminal work, it was observed that when the Au 
substrate is properly annealed after assembly of Azoi into the decanethiol host matrix, 
strong 7i-7i interactions between the azobenzene moieties drive the formation of 
supramolecular chains of well-organized, tightly-packed azobenzene molecules. The 
purpose of the STM study was to determine if, despite being tightly packed in these 
organized chains, the azobenzene moieties are still observed to switch under 
photoirradiation or an applied electric field. If the molecular chain is indeed behaving as 
a molecular wire where its substituents are strongly electronically coupled, then when a 
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bias is applied to a point in the chain using the STM tip, the bias-induced switching 
should propagate intermolecularly throughout the entire chain. Molecule Azo2 was also 
synthesized to study the relationship between the conductivity of the tether and the ability 
of the self-assembled azobenzene molecules to photoisomerize under UV irradiation. 
While Azoi presents a low-conductivity alkyl tail for surface grafting, the Azo2 molecule 
possesses high-conductivity phenylene ethynylene tether. 
1.3.3 Synthesis 
The synthesis of Azoi and Azo2 have been previously reported.1'5'6 The 
azobenzene structures began with the oxidation of aniline to nitrosobenzene using 
Oxone® in CH2CI2. The crude green product was then split and carried forward to be 
coupled to the aryl amines of both 4-iodoaniline and 4-aminophenethyl alcohol, 
separately, to form the azobenzene structure with the appropriate phenethyl alcohol and 
iodide handles for further modification (Figure 1.3.3). 
H2N- \ // OH 
^ /r"< N. 
( hm> oxone CH2CI2 O~N 0 OH 
32 % (2 steps) 
OH 
H2N-
^ //"* 
"OH 33 % (2 steps) 
Figure 1.3.3. Synthesis of azobenzene molecules with handles for further modification. 
The azobenzene molecule with the phenethyl alcohol tail was then deprotonated 
with NaH and then combined with excess 1,4-dibromobutane with Nal in order to 
perform a Finkelstein SN2 displacement, installing an additional C4 chain (Figure 1.3.4). 
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In the process, the terminal bromide was partially exchanged with iodide and the mixture 
was inseparable by column chromatography. However, this mixture did not pose a 
problem as it was next exposed to a second Finkelstein SN2 reaction using KSAc in the 
presence of Nal to exchange the alkyl bromide with a thioacetate moiety. Finally, the 
acetate protecting group was removed under acidic conditions using sulfuric acid in 
degassed CH2CI2 and MeOH to yield Azoi (Figure 1.3.4). 
2) Nal V ^
 D M F 
Br(CH2)4Br \ _ v 
X = Br, I x 
38 % 59 % 
H2SO4 ^-? N H /) 
SAc M e 0 H ^ - S H 
Azoi 
CH2CI2 
OK 
7 0 % 
Figure 1.3.4. Synthesis of the alkyl-tethered azobenzene derivative, Azoi. 
For the synthesis of AZO2, the thioacetate alligator clip with the free-alkyne, 
prepared as described in the previous section (1.2), was coupled under Sonogashira 
conditions to the azobenzene iodide to form the OPE-tethered thioacetate structure, 
Azo2 (Figure 1.3.5). 
Pd(PPh3)2CI2 /z=\ 
N
~i f~s + ^ H // SAC " N~\\ ) ~ ^ - \ ^SAc 
^ — ^ ^-^ THF/TEA ^-^ xx '' 
73 % Azo2 
Figure 1.3.5. Synthesis of the OPE-tethered azobenzene, AZO2.5 
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1.3.4 Experimental 
Dimethylformamide (DMF) was purchased from Sigma-Aldrich (99.9%, 
anhydrous) and used as received. Silica gel plates were 250 mm thick, 40 F254 grade 
obtained from EM Science. Silica gel was grade 60 (230 - 400 mesh) from EM Science. 
The syntheses of the azobenzene structures have been previously published ' ' ; however, 
the thiol of Azoi was installed here using KSAc, rather than using thiourea as previously 
reported.1 
Synthesis of Azoi-SAc. A flame-dried 100 mL round bottom flask was charged 
with {4-[2-(4-bromo-butoxy)-ethyl]-phenyl}-phenyl-diazene' (0.90 g, 2.49 mmol), KSAc 
(1.75 g, 15.3 mmol), Nal (1.50g, 10.0 mmol), and 60 mL of DMF and allowed to stir at 
room temperature for 1 d under an Ar atmosphere. The crude reaction mixture was then 
poured into water, extracted with Et20, dried over MgSC>4, and the solvent removed in 
vacuo. Further purification using silica gel chromatography (2 % EtOAc in hexanes) 
yielded 0.52 g (59 %) of an orange solid. IR: 3361, 3063, 3037, 2933, 2860, 2798, 1696, 
1599, 1499, 1481, 1463, 1443, 1407, 1369, 1304, 1278, 1251, 1216, 1192, 1142, 1106, 
962, 853, 771, 730, 685 cm"1. 'H NMR (400 MHz, CD2C12) 5 7.90 (m, 2H), 7.85 (d, J = 
8.5 Hz, 2H), 7.48 (m, 3H), 7.36 (d, J= 8.6 Hz, 2H), 3.65 (t, J= 6.9 Hz, 2H), 3.44 (m, 
2H), 2.94 (t, J= 6.9 Hz, 2H), 2.87 (m, 2H), 2.30 (s, 3H), 1.63 (m, 4H); 13C (100 MHz, 
CD2C12) 8 195.8, 152.6, 151.1, 142.6, 130.7, 129.5, 129.0, 122.8, 122.7, 71.3, 70.2, 36.2, 
30.6, 28.8, 26.3. HRMS calcd for C2oH24N202S: 356.1558, found: TBD. 
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Synthesis of Azoi. A 100 mL round bottom flask was charged with Azoi-SAc 
(0.26 g, 0.73 mmol), MeOH (30 mL), and CH2C12 (30 mL), and the solution was 
degassed with Ar for 1 h. Cone. H2SO4 (3 mL) was added to the solution as Ar continued 
to be bubbled through the reaction mixture. After 1 h, the reaction mixture was poured 
into water, extracted with CH2CI2, dried over MgS04, and the solvent removed in vacuo. 
Further purification using silica gel chromatography (50 % CH2CI2 in hexanes) yielded 
0.16 g (70 %) of a waxy orange solid. IR: 3087, 3063, 3037, 2942, 2866, 2851, 2795, 
2748, 2630, 2562, 1973, 1952, 1935, 1902, 1799, 1684, 1596, 1499, 1487, 1463, 1443, 
1372, 1348, 1292, 1260, 1219, 1154, 1107, 1012, 983, 915, 850, 762, 682 cm"1. 'HNMR 
(400 MHz, CD2CI2) 5 7.90 (m, 2H), 7.85 (d, J= 8.5 Hz, 2H), 7.48 (m, 3H), 7.36 (d, J = 
8.6 Hz, 2H), 3.66 (t, J= 6.9 Hz, 2H), 3.45 (m, 2H), 2.95 (t, J= 6.9 Hz, 2H), 2.52 (m, 2H), 
1.66 (m, 4H).1 HRMS calcd for Ci8H22N2OS: 314.1453, found: TBD. 
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1.3.5 Results and Discussion 
Once grafted into the decanethiol matrix on the Au{l 11} surface, Azoi displayed 
the unique capacity to organize into regular herringbone and zig-zag structures upon 
annealing. First, the clean Au{ll l} substrate was assembled with a decanethiol 
molecular layer for 1 min. Next, the substrate was exposed to a solution of Azoi for 4 
min, whereupon the azobenzenes inserted into the defect sites and domain boundaries of 
the initial monolayer. Finally, the substrate was annealed for 2 h at 80 °C, resulting in 
organized chains of the azobenzene molecule, presumably due to n-n stacking 
interactions during reorganization of the SAM during annealing (Figure 1.3.6). 
4 min Azot insertion 2 h vapor anneal a 80 °C 
Figure 1.3.6. Formation of Azoi Chains. STM images of (A) the decanethiol SAM, (B) 
Azoi insertion, and (C) chains that formed after annealing for 2 h at 80 °C. 
As can be seen in the schematic Figure 1.3.7A, the n-n stacking causes tight 
packing of the azobenzene structures such that the chains form a herringbone (Figures 
1.3.7B and 1.3.8B) or zig-zag (Figure 1.3.8A) structure along domain boundaries in the 
decanethiol matrix on the Au{ 111} substrate. These chains have very regular structures 
that can extend for tens or even hundreds of nanometers (Figure 1.3.6 - 9). 
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Figure 1.3.7. Structure of herring-bone Azoi chains. (A) Schematic of Azoi self-
assembled onto the Au{ 111} surface. (B) STM image of the Au{ 111} surface with 1 min 
decanethiol self-assembly, followed by 5 min Azoi insertion, followed by 2 h anneal at 80 
°C.(Vsample = -1.00 V, It = 1.00 pA) 
Figure 1.3.8. STM images of zig-zag and herringbone Azoi chains. (A) Zig-zag and 
(B) herringbone structure of Azoi observed at domain boundaries in the decanethiol SAM 
on the Au{ 111} substrate. (Vsampie = 1.00 V; It = 1.00 pA) 
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As seen in Figure 1.3.9, exposure of the organized zig-zag (A and B) and 
herringbone chains (C and D) of Azox to UV light results in isomerization of the 
azobenzene molecules from the more stable trans isomer to the less stable cis isomer. 
This results in an expected reduction in the height of the molecule from -2.2 A to 
approximately the same height as the decanethiol matrix (~0.7 A), similar to what was 
previously observed for individual molecules.1 Apparently the tight packing within the 
Azoi molecules of the chain did not hinder the ability of the azobenzene moieties to 
switch. 
Figure 1.3.9. STM images demonstrating photoswitching of Azoi chains. After UV 
irradiation a reduction in chain height is observed, from -2.2 A to -0.7 A. 
(VSampic=-1.00 V;I t= 1.00 pA) 
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The close n-n stacking of the Azoi molecules prompted investigations into the 
ability of the chain to behave as a molecular wire. The STM tip was used to induce a bias 
of 2.0 V in the middle of a zig-zag Azoi supramolecular chain. As seen in Figure 1.3.10, 
after applying this bias for 2 min, all of the azobenzene molecules within the chain 
isomerized to the cis form, again changing the chain height from -2.2 A to approximately 
the same height as the decanethiol host matrix (-0.5 A). 
Figure 1.3.10. STM images demonstrating voltage switching of an Azoi chain. STM 
images and the corresponding Azoi chain heights, demonstrating its ability to switch 
conformations from a height of-2.2 A to -0.5 A along the length of the entire chain after 
a 2.0 V is applied to the middle of the chain. (Vsamp,e = 1.00 V; It = 1.00 pA) 
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Since the trans form of the azobenzene is the thermodynamically favored form, 
after an electric field has been applied to switch the molecules from the trans (ON) to cis 
(OFF) form, the azobenzene moieties slowly revert back to the trans (ON) form over 
time. Figure 1.3.1 IB shows that after a 2.0 V bias is applied for 2 min, again the height of 
the zig-zag chain is reduced from -2.2 A (ON) to -0.5 A (OFF). After 50 min, the height 
of the chain has been somewhat restored to -1.7 A, as the trans (ON) form is gradually 
restored (Figure 1.3.1 ID). 
Figure 1.3.11. STM images demonstrating the switching of a Azoi chain from -2.2 A 
(ON) to -0.5 A (OFF) after a 2 min application of a 2.0 V bias. The chain gradually 
returns to a somewhat (ON, trans) form (-1.7 A) over 50 min. (Vsampie= 1.00 V; 
I t=1.00pA) 
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In Figure 1.3.12 we see another example of a herringbone Azoi chain that was 
isomerized to the cis (OFF) state from the application of a 2 V bias at a point along the 
wire. After the bias is applied for a total of 11 min, the initial -2.2 A height is diminished 
to -0.7 A (Figure 1.3.12B). After 45 min, the height of the wire returns to -1.8 A as the 
trans (ON) form is gradually restored; however, this wire has more of a zig-zag structure 
after being restored (Figure 1.3.12D). 
Figure 1.3.12. STM images demonstrating voltage switching and gradual restoration 
of a herring-bone Azoi chain. STM images demonstrating the switching of the Azoi 
chains from (A) -2.2 A (ON) to (B) -0.7 A (OFF) using several 2.0 V pulses, for 2, 4, 
and 5 min. After -45 min (D), the chain returns to a somewhat ON (-1.8 A, trans); 
however, more of a zig-zag morphology is observed rather than the initial herringbone 
structure. (Vsampie= 1.00 V; I,= 1.00 pA) 
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Figure 1.3.13A shows two Azoi chains whose ends are close but not in contact 
with one another. When a 2.0 V bias is applied at the point indicated, the lower chain 
isomerizes to the cis (OFF) state, while the upper chain remained in the trans (ON) state 
(Figure 1.3.13B). This verifies that the behavior of the chain as a molecular wire is 
dependent on the effective n-n overlap into a contiguous wire structure. 
Figure 1.3.13. STM images demonstrating two Azoi chains that are not contiguous. 
(A) Before application of a bias to the lower chain, both chains are in an trans (ON) state. 
(B) After a 2.0 V bias is applied to the lower chain for 2 min, the lower chain is switched 
to the cis (OFF) state, while the upper chain remains unchanged. 
(Vsampie= 1.00 V; It = 1.00 pA) 
Figure 1.3.14 shows a decanethiol matrix that has been loaded with both Azoi and 
Az02 at the defect sites and domain boundaries via successive self-assemblies. In Figure 
1.3.14A, Azoi is seen as a dim white spots while the more conductive Azo2 is visualized 
as the bright white spots. Figure 1.3.14B - D show images after successive exposure of 
the assembled substrate to UV light for 6, 10, and 15 min. Over the course of the 15 min, 
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the brightness of the Azoi spots are observed to diminish in brightness as the molecules 
switch from the trans to cis forms and disappear into the decanethiol matrix. In contrast, 
the bright spots of Azo2 remain relatively constant despite irradiation, indicating that the 
molecules are not isomerizing. This demonstrates that the conductivity of the tether plays 
a significant role in the ability of the azobenzene moiety to switch under photoirradiation. 
Azobenzene molecules with tethers of intermediate conductivity are currently being 
synthesized to collect more data on this effect. 
Figure 1.3.14. STM images demonstrating photoirradiation of a Azoi / Azo2 mixed 
SAM. Mixed molecular layer of Azoi and Azo2 in a decanethiol matrix on a Au{ll l} 
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surface after 6, 10, and 15 min of UV photoirradiation. The brightest white spots are the 
Azo2 molecules, which are unaffected by the photoirradiation. The less bright Azoi 
molecules are seen to reduce in brightness over the course of the irradiation. 
(VSample= LOO V; It = 1.00 pA) 
1.3.6. Conclusions 
Azobenzene thiol structures were synthesized and self-assembled into a 
decanethiol host matrix on Au{ 111} surfaces for scanning tunneling microscopy (STM) 
studies. The studies revealed that Azoi molecules organize into supramolecular chain 
structures upon annealing. These azobenzene chains were observed to photoswitch under 
UV/visible light irradiation similar to the isolated molecules. They were also shown to 
have sufficient electronic coupling between their azobenzene constituents to behave as 
molecular wires, demonstrating that an applied bias to one point on the azobenzene chain 
results in the propagation of the bias-driven molecular switching through the entire length 
of the chain. The relationship between the conductivity of the tether binding the self-
assembled azobenzene molecules (Azoi and AZO2) to the Au surface and their resulting 
photoswitching behavior was also investigated. We observe that if the tether anchoring 
the molecule to the Au surface is conductive the azobenzene moiety remains locked into 
the ON-state despite photoirradiation. 
This work is nearing completion and will be submitted as two or three 
publications in the near future. 
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1.3.7. Contributions 
Dr. B.-C. Yu (Dr. Chan) and I performed the synthesis and characterization of the 
molecules for this section. STM measurements and analyses were performed by Ajeet 
Kumar, Tao Ye, and Bala Pathem of Professor Paul Weiss' Group at Perm State. 
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Chapter 2 
Molecular Electronics Studies on Silicon Surfaces 
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2.1 Direct Covalent Grafting of Polyoxometalates onto Si Surfaces 
2.1.1 Section Abstract 
A diazonium salt-derived organoimido hexamolybdate was synthesized and 
directly covalently immobilized on Si surfaces by using diazonium chemistry to form 
both monolayers and multilayers. These monolayers and multilayers were 
characterized by ellipsometry, X-ray photoelectron spectroscopy (XPS) and 
electrochemical analysis. The results of electrochemical analysis have shown a strong 
electronic interaction between the surface-confined clusters and the Si substrate 
through the organic conjugated bridge. 
2.1.2 Introduction 
Polyoxometalates (POMs) are a unique class of inorganic metal-oxygen 
polyanions formed by early transition metals. They have been widely used in chemical 
analysis, catalysis, biology, medicine, geochemistry, and material science based on 
their topological and electronic diversity and fascinating electrical, optical, and 
magnetic properties.1"3 Due to their reversible redox behaviour, discrete structures in 
size from sub-nm to a few nm and good solubility and stability in aqueous and organic 
solvents, POMs have been used widely as the inorganic components in functional 
molecular materials.4 Surface-confined thin films and two-dimensional arrays of POMs 
have been constructed to produce POM-containing molecular materials and devices. 
Ordered monolayers of POMs on gold or silver were obtained by spontaneous 
adsorption from solution.5 By solvent casting, POMs on carbon were prepared with 
active catalytic properties6 and ordered mesoporous Si02 functionalized with cationic 
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groups was used as substrates for ionic immobilization of POMs.7 However, the 
majority of work aimed to make films of POMs utilizes the Langmuir-Blodgett (LB) 
technique. By taking advantage of the ionic interaction of positively charged organic 
molecules or polymers and negative charged POM polyanions, both monolayers and 
multilayers of POMs have been prepared by the LB technique on various substrates 
including glass, quartz, ITO, glassy carbon, silicon, and silica.8 These LB films of 
POMs have been found to have interesting photo and electrical properties. 
The majority of these monolayers and multilayers of POMs were deposited on 
substrates by physical adsorption or electrostatic forces. There are few examples of 
POMs that were attached through covalent bonds to the substrates to form well-defined 
monolayers. One example is the bonding of thiol-derived POM clusters to gold 
nanoparticles.9 There is one report of covalently bonding POMs to a Si surface by 
Errington's group, a stepwise method by which TiWOis clusters are attached to Si 
through covalent Ti-O-C bonds by alcoholysis of the Ti-OR bond in [(RO)TiW5Oi8]3" 
with a pre-assembled alkanol monolayer on Si.10 
Here, we report a one step method for covalently grafting POMs on a Si surface. 
Using this method, organically functionalized hexamolybdate clusters were grafted 
onto Si(lll) and Si(100) surfaces through a conjugated linkage by diazonium 
chemistry. The organic conjugated bridges between the clusters and Si substrates in 
combination with the Si-C bond of the molecule with the Si surface, without the 
interfering oxide, could provide better electronic interaction between the electrically 
active POM clusters and the semiconductor substrate. 
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It has been demonstrated that hexamolybdates readily react with anilines to 
form organoimido compounds.11 The organoimido bonds are very stable towards many 
functional groups and reaction conditions so that a large number of hybrid molecular 
i o 
materials have been prepared. Surface grafting protocols using aromatic diazonium 
salts or triazenes have been shown to be mild and efficient methods to form both 
monolayers and multilayers on Si.13 To utilize the Si surface grafting protocol with 
POMs, here we report the synthesis and surface grafting of a diazonium salt-derived 
organoimido hexamolybdate. 
2.1.3 Synthesis 
The diazonium salt-derived organoimido hexamolybdate was synthesized as 
shown in Figure 2.1.1. The Pd-catalyzed coupling reaction of iodo-derived 
organoimido hexamolybdate POM-1 and 4-ethynylphenyltriazene gave the triazene 
functionalized cluster POM-2 as dark red crystals, which were converted to the 
diazonium salt POM-3 using HBF4. Since the hexamolybdate cluster is not stable 
towards acid, only 1 equiv of HBF4 was used. Therefore POM-3 was usually obtained 
as a mixture with the triazene POM-2. 
The diazonium salt POM-3, containing unreacted POM-2, was characterized 
by 'H NMR and FTIR. As shown in Figure 2.1.1, two sets of signals in the ]H NMR 
spectra could be clearly assigned to compounds POM-2 and POM-3, with the signals 
due to the diazonium arene further downfield than those of the triazene POM-2. FTIR 
confirmed the presence of diazonium salt POM-3 in the mixture. As shown in Figure 
2.1.2, compared to the spectrum of POM-2, the N=N stretch of the diazonium group 
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appeared at 2242 cm"1 in the IR spectrum of POM-3. The peaks at -776 and -951 cm"1 
are characteristic for hexamolybdate clusters with the Mo-N stretches showing at 
around 978 cm"1.14 These peaks clearly indicate the integrity of the organoimido 
hexamolybdate clusters in compounds POM-2 and POM-3. 
POM-2 POM-3 
Figure 2.1.1. Scheme for synthesis and surface grafting of diazonium derived 
hexamolybdates. Compound POM-3 was contaminated by POM-2. 
59 
o-
o 
l i p 
-Mo!-, 
b c d e 
J. 9-0 
0=of 
:MO 
O 
o 
no 
^
Moro 
On 
a' 
f f 
c' b'cbi ia 
,.,,„.,! t,..AA]L. II UL 
i i ' i — ' i — ' — i — ' — i ' — i — ' — i — ' i ' i ' i ' — i — ' — i — ' — i — ' — i — ' — i — ' — i — ' — i ' i ' i ' i ' i ' r ~ 
PPM 8.0 7.6 7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4 
diethyl ether; * H20 
Figure 2.1.2. H NMR of the mixture of triazene POM-2 (top structure) and diazonium 
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Figure 2.1.3. FTIR of triazene POM-2 and the of POM-2 mixture with diazonium salt 
POM-3. 
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2.1.4 Experimental Section 
General. Unless noted otherwise, reactions were performed under a N2 
atmosphere. Triethylamine was distilled from CaH2. Trimethylsilylacetylene (TMSA) 
was donated by FAR Research, Inc. or Petra Research, Inc. All other commercially 
available reagents were used as received unless noted otherwise. 'H NMR spectra (400 
MHz) were collected in CDCI3. 
Synthesis of POM-2. To an oven dried 50 mL round-bottom flask containing a 
magnetic stir bar were added POM-1 (800 mg, 0.50 mmol), 
4-ethynylphenyldiethyltriazene (13 mg, 0.6 mmol), Pd(PPh3)2Cl2 (7 mg, 0.01 mmol), 
Cul (3 mg, 0.02 mmol) and K2CO3 (1000 mg, 3.2 mmol). The flask was then sealed 
with a rubber septum, evacuated and backfilled with N2 (3x). Acetonitrile (10 mL) and 
triethylamine (1 M solution in acetonitrile, 0.5 mL) were then added. The reaction was 
stirred at room temperature for 0.5 h. The reaction mixture was filtered, and the filtrate 
was concentrated to about 2 mL before it was poured into diethyl ether. The precipitate 
was collected and recrystallized from ether/acetonitrile to yield POM-2 as dark red 
crystals. (250 mg, 30%). IR: 2961, 2872, 2189, 1655, 1587, 1481, 1392, 1328, 1237, 
975, 952, 778 cm"1. lU NMR (CDC13, 400 MHz) 8 7.46 (d, J= 8.7, Ar-H, 2H), 7.37 (d, 
J= 8.7, Ar-H, 2H), 7.22 (s, Ar-H, 2H), 3.78 (q, J= 14.3, NC/£CH3, 4H), 3.08 (t, J = 
8.8, NCH2, 16H) 2.60 (s, Ar-CH3, 6H), 1.60 (q, J = 8.8, -CH2, 16H), 1.35 (h, -CH2, 
16H), 1.24 (b, NCH2C#j, 6H), 0.96 (t, J = 8.8, CH3, 24H). TOF-ESI-MS: 591 
([Mo6Oi8N4C2oH22]2-, calc'ed 590.90); 1182 ([Mo6Oi8N4C2oH22]2- H+, calc'ed 
1182.90); 1326 ([Mo6Oi8N4C2oH22]2" N+BU4, calc'ed 1424.09). 
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Synthesis of compound POM-3. To a 25 mL round-bottom flask containing a 
magnetic stir bar was added POM-2 (50 mg, 0.03 mmol). The flask was then sealed 
with a rubber septum, evacuated and backfilled with N2 (3 *). Acetonitrile (2 mL) was 
added and triethylamine (2 mL) was then added. To this solution, HBF4 (5% in 
acetonitrile, 0.1 mL) was added dropwise. The reaction was stirred at room temperature 
for 30 min. Dry ether (10 mL) was then added. The precipitate was collected, washed 
with dry ether and dried under nitrogen to yield POM-3 as an orange/brown solid (25 
mg, 30%, mixture with 2). IR: 2959, 2871, 2242, 2190, 1568, 1457, 1379, 1313, 1078, 
976, 950, 776 cm"1. *H NMR (CDC13, 400 MHz) 5 8.47 (d, J= 8.5, Ar-H, 2H), 7.77 (d, 
J= 8.5, Ar-H, 2H), 7.28 (s, Ar-H, 2H), 3.08 (t, J = 8.8, NCH2, 8H) 2.53 (s, Ar-CH3, 
6H), 1.60 (q, J= 8.8, -CH2, 8H), 1.35 (h, -CH2, 8H), 0.96 (t, J= 8.8, CH3, 12H). 
Surface Grafting. Caution: The concentrated piranha solution is very 
dangerous, particularly in contact with organic materials, and should be handled 
extremely carefully.18 p-Type Si(l 11) wafers (prime grade, boron doped) were cleaned 
in piranha solution (2:1 H2S04:H202) followed by rinsing with water (resistivity > 18 
MQ cm"1) and drying with a stream of N2. The wafers were then H-passivated by 
immersing in N2-sparged 40% NH4F for 15 min, rinsed with water and dried in a stream 
of N2. The cleaned and H-passivated wafers were then brought into a N2-atmosphere 
glovebox. Inside the glovebox, a solution of 3 was made to various concentrations in 
CH3CN, providing enough volume to cover the entire sample inside a reaction 
container. The substrates were then immersed in the solution of POM-3, sealed to 
prevent evaporation, and kept for various reaction times. After the reaction, the 
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substrates were brought out of the glovebox, rinsed with CH3CN and dried with a 
stream of N2. 
Ellipsometric measurements. Measurements of surface optical constants and 
molecular layer thicknesses were taken with a single wavelength (632.8 nm) laser 
Gaertner Stokes ellipsometer. The n value for the H-passivated Si(100) substrate was 
3.83 and k was -0.02. The surface thickness was modeled as a single absorbing layer 
atop an infinitely thick substrate (fixed ns). The observed range in repeated 
measurements of the same spot was typically less than 0.2 nm, and the typical 
experimental error is ± 5%. 
XPS measurements. A Quantera XPS scanning microprobe was used to 
collect the XPS data. The takeoff angle was 45°, and a 114.8 W monochromatic Al 
X-ray source was applied for all the measurements. All XPS peaks were referenced to 
the Cis major peak at 284.5 eV. 
Electrochemical characterization. The cyclic voltammetry was performed 
with a Bioanalytical Systems (BAS CV-50W) analyzer in a self-designed 
three-electrode cell. The working electrode, cluster grafted Si(l 11), was sealed against 
an opening in the cell bottom by epoxy resin. An ohmic contact was made on the 
previously polished rear side of the sample by applying a drop of an In-Ga eutectic. The 
counter electrode was a platinum wire and the system 10"2 M Ag+/Ag in acetonitrile 
was used as the reference electrode (+0.29 V vs aqueous SCE). 0.1 M 
Tetra-«-butylammonium perchlorate BU4NCIO4 in acetonitrile was used as the 
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electrolytic medium. All electrochemical measurements were carried out at room 
temperature under a constant flow of nitrogen. 
Surface grafting. The surface grafting of the compound POM-3 on Si 
surfaces was achieved by using a known protocol for the surface grafting of aryl 
diazonium salts. H-passivated Si(lll) wafers were immersed in the solutions of 
compound POM-3 in acetonitrile at various concentrations for different reaction times. 
The thicknesses of the resulted films are summarized in Table 2.1.1. Both monolayers 
and multilayers were prepared by controlling the concentration of POM-3 and the 
reaction times. For example, a monolayer was formed (a monolayer was assumed 
considering the calculated length 1.8 nm of POM-3 after grafting on Si(lll)) at a 
concentration of POM-3 of 0.1 mM and a reaction time of 40 min (entry 2) or 0.2 mM 
and 30 min (entry 6). At longer times (entries 3-5) or higher concentration (0.2 mM) of 
POM-3 (entry 7), the film growth was faster, and multilayers could be easily formed 
with thicknesses up to several nanometers. According to the proposed mechanism of 
grafting on Si-H surface by diazonium salts,133 the formation of multilayers resulted 
from the reaction of diazonium molecules with the molecules that had already been 
grafted to the Si surface. Therefore, the multilayers are present due to the formation of 
covalent bonds between molecules. In addition to the concentration and grafting time, 
the thickness of multilayer may also be limited by the stability of the diazonium salts in 
solution. In this work the thickest multilayer produced is ~6 nm thick, which contains 
~3 layers of molecules. Hence, this grafting method can be used for grafting of 
compound POM-3 on Si(100) to form both monolayers and multilayers. 
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Entry 
1 
2 
3 
4 
5 
6 
7 
Concentration (mM) 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.2 
Reaction time (min) 
20 
40 
60 
120 
240 
30 
60 
Thickness (nm)a 
1.1+0.3 
1.8 ±0.1 
2.8 ±0.2 
5.4 ±0.1 
6.1 ±0.1 
1.9 ±0.2 
2.3 ± 0.2 
Table 2.1.1. Thicknesses of POM-3 films on Si(l 11). 
a
 The measured values are the average of four different spots on the same film with 
the ± values indicating the range of measurements. 
2.1.5 Results and Discussion 
XPS studies. These monolayers and multilayers of hexamolybdates were 
characterized by X-ray photoelectron spectroscopy (XPS). The characteristic signals in 
the Moid region are shown in Figure 2.1.3. By curving fitting, two pairs of peaks could 
be observed. The pair of peaks at lower binding energy were assigned to the Mo atoms 
in the Mo=N bonds; while the peak at higher binding energy to all of the other Mo 
atoms. The ratio of the peak areas between this two sets of peak was around 1:5, which 
indicated the structures of mono-functionalized organoimido hexamolybdates existing 
in the film. In the XPS spectra, we also observed signals for C;s and Ois. The N/s signals 
were buried under the Mo^ signal. 
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Figure 2.1.4. The Mosd region in the XPS spectra of a POM-3 film (2.1 nm) on 
Si(l 11). The lighter lines are the curve fittings. 
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Figure 2.1.5. Cyclic voltammograms of a POM-3 film (1.8 nm in thickness) on p-type 
Si(l 11) in 0.1 M NB114CIO4/CH3CN. The scan rates are from 1 Vs"1 (black line) to 10 
Vs"1 (green line) with increments of 1 Vs"1. Inset is a representative cyclic 
voltammogram with a scan rate of 10 Vs" . 
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Figure 2.1.6. Cathodic peak current as a function of potential scan rate of the POM 
redox peaks derived from the cyclic voltammograms in Figure 2.1.4. 
Electrochemical studies. Cyclic voltammetry was used to study the electrical 
properties of the covalently surface attached hexamolybdate clusters, and the results are 
summarized in Figure 2.1.4. Monoorganoimido hexamolybdate clusters in acetonitrile 
solution usually have one reversible one-electron redox wave within the potential range 
of -1.5 V - 0 V. However, two reversible redox waves were observed for the 
surface-bonded hexamolybdates. According to the peak potentials shown in Figure 
2.1.4(C), the formal potentials of these two redox waves were estimated to be -0.73 V 
and -1.45 V versus Ag/Ag+. For the redox wave at -1.45 V, which was assigned to the 
redox pair of the hexamolybdate clusters, the cathodic peak current exhibits a linear 
dependence on the scan rate, indicating a surface confined redox process, as shown in 
Figure 2.1.4(B). For the redox wave at -0.73 V, constant cathodic peak currents were 
found under different potential scan rates. These constant cathodic peak currents may 
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have resulted from the limited electron transfer from the electron-deficit p-Si substrate 
to the clusters, therefore, we assigned the redox wave at -0.73 V to the reversible 
electron transfer between the hexamolybdates clusters and the Si substrate. From these 
cyclic voltammetry results, the surface coverage T was estimated to be 1.1 x 1013 
molecules cm"2.15 The apparent rate constant of electron transfer, kapp, was calculated to 
be -25 s"1 using Laviron's approach.16 These electrochemical results indicate that the 
hexamolybdate clusters covalently bonded onto Si surfaces are electrochemically 
accessible, and there are strong electronic interactions between the clusters and the Si 
substrates. 
2.1.6 Conclusion 
In summary, using diazonium chemistry, organically functionalized 
hexamolybdates have been covalently immobilized on Si surfaces to form both 
monolayers and multilayers. By electrochemical analysis, a strong electronic 
interaction between the surface-confined clusters and the Si substrate through the 
organic conjugated bridge was observed. This electronic interaction, in addition to the 
accessible and reversible redox behaviour of hexamolybdates, could have applications 
in the bottom-up design of functional molecular materials or future generation of 
hybrid molecular/semiconductor electronic devices.17 
This work was published in the Chemistry of Materials journal.19 
68 
2.1.7 Contributions 
For this work Dr. Meng Lu, Whitney Nolte, and I contributed to the synthesis, 
characterization, and surface grafting of the POM molecules. Dr. Tao He contributed to 
the surface characterization of the grafted molecules. 
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2.2 Silicon/Molecule Interfacial Electronic Modifications 
2.2.1 Section Abstract 
Electronic structures at the silicon/molecule interface were studied by X-ray 
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), 
inverse photoemission spectroscopy (IPS), and Kelvin probe techniques. The 
heterojunctions were fabricated by direct covalent grafting of a series of molecules 
(-C6H4-X, with X = NMe2, NH2, NO2, and M06 oxide cluster) onto the surface of four 
types of silicon substrates (both n- and p-type with different dopant densities). The 
electronic structures at the interfaces were thus systematically tuned in accordance with 
the electron-donating ability, redox capability, and/or dipole moment of the grafted 
molecules. The work function of each grafted surface is determined by a combination 
of the surface band bending and electron affinity. The surface band bending is 
dependent on the charge transfer between the silicon substrate and the grafted 
molecules, while electron affinity is dependent on the dipole moment of the grafted 
molecules. The contribution of each to the work function can be separated by a 
combination of the aforementioned analytical techniques. In addition, because of the 
relatively low molecular coverage on the surface, the contribution from the unreacted 
H-terminated surface to the work function was considered. The charge transfer barrier 
of silicon substrates attached to different molecules exhibits a trend analogous to 
surface band bending effects while the surface potential step exhibits properties 
analogous to electron affinity effects. These results provide a foundation for the 
utilization of organic molecule surface grafting as a means to tune the electronic 
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properties of semiconductors and, consequently, to achieve controllable modulation of 
electronic characteristics in small semiconductor devices at future technology nodes. 
2.2.2 Introduction 
Inorganic semiconductor surfaces terminated with organic molecules have been 
studied extensively.1'20 The potential advantages of using organic or organometallic 
molecules result from the versatility in offering a wide range of possibilities to tailor 
chemical and physical properties of materials and/or device characteristics. Moreover, 
molecular interfaces with semiconductors are rich in their behavior due to the variety of 
possible band structures and the potential for controlling the properties via doping 
and/or photoexcitation. The density and energy distribution of surface states, the 
surface electron affinity, and the chemical properties of surfaces can be controllably 
modulated via semiconductor surface engineering and thereby the device performance 
can be tuned. And the electronic structure of interfaces is dependent on the electronic 
properties of the semiconductor substrate and the grafted molecules, the 
molecule-substrate bonding patterns, the molecular orientation, the surface coverage 
and the molecular geometric structure requirements. If these various parameters can be 
better understood and tuned, enormous semiconductor variability can be attained. 
Prior work has been focused on understanding the Si/molecule interfaces.5'13 If 
the molecule is chemisorbed directly on the surface, the molecular energy levels are 
broadened significantly by the strong hybridization with the delocalized silicon 
wavefunctions, making it possible to transfer fractional amounts of charge to or from 
the molecule. A dipole-induced dielectric response for an adsorbed single polar 
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molecule and/or the intermolecular dipole-dipole interactions for an adsorbed 
monolayer can cause depolarization and charge redistribution within the system. All of 
these may change the density and energy distribution of surface states and, thus, the 
surface band bending. The dipole contribution from the polar adsorbate can also alter 
the surface electron affinity. The changes in surface band bending and/or electron 
affinity will result in a change in work function of the investigated surface. 
A specific motivation for the present study is provided by our recent work in 
which the channel conductance in silicon devices were systematically modulated by the 
electron-donating ability of the molecules grafted atop oxide-free H-passivated silicon 
surfaces. Similarly, a higher conductivity in n-Si was observed using conductive atomic 
force microscopy (C-AFM) when the surface was covalently bonded to 
phenylacetylene.15 The modulation in conductance was ascribed to the charge transfer 
between the device channel and the attached molecules during the grafting process. In 
our previous work, the device layer was nearly intrinsic p-Si (> 2000 D. cm) and a 
silicon oxide dielectric layer was present between the device and handle layers; 
therefore, it was difficult to do the characterizations directly on the devices in order to 
determine the charge transfer (except for the current-voltage measurements that were 
reported) because a good electrical connection is required for these techniques. For this 
work, therefore, both p- and n-Si with different dopant densities were used as solid 
supports, and electronic structures of the Si/molecule interface were elucidated by 
means of ultraviolet photoelectron spectroscopy (UPS) and inverse photoemission 
spectroscopy (IPES) combined with X-ray photoelectron spectroscopy (XPS). A major 
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advantage of the combination of the UPS/IPES and XPS analytical techniques is that 
the contributions due to band bending and change in electron affinities (i.e., surface 
dipoles) could be separated and, thus, complete equilibrium band energy diagrams 
could be developed.10'22 In addition, the Kelvin probe technique was also used to 
identify the electronic states that define the energy levels. Regardless of the substrates, 
the molecular effect trends on the work function, surface band bending and electron 
affinity are consistent in this work as well as for the devices we have previously 
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reported. Unless stated otherwise, in this section we use the sign convention that all 
parameters are positive quantities. 
2.2.3 Experimental 
Materials. Anhydrous acetonitrile (CH3CN, 99.5+%) for surface reactions was 
purchased from Sigma-Aldrich packed under nitrogen in a SureSeal container. CH3CN, 
acetone (CH3COCH3), and isopropanol ((CH3)2CHOH) used for rinsing were HPLC 
grade and used without further purification. Concentrated sulfuric acid (H2S04), 
concentrated hydrochloric acid (HO), concentrated ammonium hydroxide (NH4OH), 
49% hydrofluoric acid (HF), and 30% hydrogen peroxide (H2O2) were reagent grade. 
Buffered-oxide etch (BOE, 10:1) was CMOS grade from J. T. Baker. 
The syntheses of the diazonium salts 1-4 (Scheme 2.2.1) were previously 
reported,21'23"26 and the synthesis of 1 (Section 5.1), 3 (Section 5.1), and 4 (Section 2.1) 
are covered in detail in other sections, as noted. In the diazonium forms, they are 
thermally sensitive materials and were stored in the freezer prior to being used for 
molecular grafting. 
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Scheme 2.2.1. Molecular structures of the starting molecules 1-4 used for grafting onto 
the silicon substrates, where 1 is the most electron rich system due to the 
dimethylamino substituent, 2 is slightly lower in its electron donation capability, 
followed by 3 with its electron withdrawing nitro moiety and finally 4 bears an 
extremely electropositive polymolybdate. 
Substrate Cleaning. Four types of silicon substrates with the <100> 
orientation (Virginia Semiconductor, Inc.) were used for molecular grafting: 
highly-doped p-Si (HD-p-Si, B dopant, 0.01 ~ 0.1 Q cm, 0.28-8.49 x 1018 cm"3), 
moderately-doped p-Si (MD-p-Si, B dopant, 3 ~ 6 Q. cm, 0.46-2.25 x 1015 cm"3), 
highly-doped n-Si (HD-n-Si, As dopant, < 0.0045 Q. cm, > 1.40 x 1019 cm"3), and 
moderately-doped n-Si (MD-n-Si, P dopant, 1 - 10 Q. cm, 0.44-4.86 x 1015 cm"3). The 
wafers were cut into small shards and were cleaned consecutively under sonication for 
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10 min in acetone, isopropanol, and Milli-Q water, followed by rinsing copiously with 
Milli-Q water. They were then heated for 20 min in Piranha solution (98% 
H2S04:H202, 7:3, v/v) at 85 °C {CAUTION: strong oxidizing solution, handle with 
extreme care). After etching in 2% HF solution for 1 min, the substrates were cleaned 
using the RCA protocol, i.e. they were treated in a mixture of NH4OH (25%):H2C>2 
(30%):H2O (1:1:5 v/v) at 70 °C for 10 min in order to remove organic surface films by 
oxidation. After a subsequent rinsing with Milli-Q water, the shards were treated in a 
mixture of HC1 (32%):H202 (30%):H2O (1:1:5 v/v) at 70 °C for 10 min in order to 
remove metal ions (Al3+, Fe3+ and Mg2+) that would form insoluble hydroxides through 
reaction with NH4OH. This acidic treatment also removed other metallic contaminants, 
such as gold, that were not removed by the basic treatment. The silicon substrates were 
then rinsed using Milli-Q water and dried by N2 flow. 
Molecular Grafting. The molecules 1-4 were directly grafted onto the silicon 
surface using the method reported previously. ' ' Before molecular grafting, the 
as-cleaned silicon shards were etched in an Ar purged BOE for 5 min to remove the 
SiOx layer and form the H-passivated silicon surface. The grafting process was carried 
out by exposing the freshly etched samples to a 0.5 mM solution of the diazonium salt 
(1^4) in anhydrous CH3CN in the dark under an inert atmosphere. The grafting time 
was carefully calibrated for monolayer formation, dependent on the molecule and its 
concentration. The grafting time was 5 h for compound 1, 45 min for 2 and 3, and 2 h 
for 4.21'26 After the molecular grafting, the samples were rinsed thoroughly with 
CH3CN to remove the residual diazonium salt and the physisorbed materials, and then 
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dried with a N2 flow. The ellipsometric thicknesses of the molecular thin films were 
consistent with the theoretical lengths of the grafted molecules, indicating that a 
molecular monolayer was formed on the silicon surface. 
Ellipsometry. Molecular layer thicknesses were monitored with a 
single-wavelength (632.8-nm laser) LSE Stokes ellipsometer (Gaertner Scientific) with 
an incident angle of 70°. Ellipsometric characterizations were carried out before and 
immediately after monolayer preparation. The surface thickness was modeled as a 
single adsorbing layer atop an infinitely thick substrate. The index of refraction («f) was 
set at 1.50 and 0 for extinction coefficient (kf). The thickness was the average value of 
the measured results at three different locations for each sample. 
X-ray Photoelectron Spectroscopy (XPS). XPS data were collected at room 
temperature using a PHI 5700 XPS/ESCA system (PHI Quantera SXM™ Scanning 
X-ray Microprobe™) equipped with a monochromatic Al Ka light source (1486.6 eV) 
at a take-off angle of 45°. All samples were transferred to the ultrahigh vacuum (UHV) 
chamber (~ 10~9 Torr) within 20 min after the molecular grafting. No signal from SiOx 
was observed when the samples were kept in air for 30 - 60 min after BOE etching, 
indicating the H-passivated surface is relatively stable in the presence of oxygen and 
humidity.27"29 The analytical spot size for all measurements was 0.10 mm x 0.10 mm. 
Unless stated otherwise, the measurements were done with a pass energy of 6.5 eV. The 
data were analyzed using the MultiPak Spectrum software, V7.01. 
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Ultraviolet Photoelectron Spectroscopy (UPS) and Inverse Photoemission 
Spectroscopy (IPES). Photoemission spectroscopy of occupied and unoccupied states 
of the system was performed using a VG ESCA Lab system equipped with both UPS 
and IPES. The spectrometer chamber of the UHV system had a base pressure of 8 * 
10"11 Torr. Occupied states (or valence band) spectra were obtained by UPS using the 
unfiltered He I line (21.2 eV) of a discharge lamp with the samples biased at -5.0 V to 
avoid the influence of the detector work function and to observe the true low-energy 
secondary cut-off. The typical instrumental resolution for UPS measurements ranges 
from ~ 0.03-0.1 eV with photon energy dispersion of less than 20 meV. Unoccupied 
states (or conduction bands) were measured by IPES using a custom-made 
spectrometer composed of a commercial Kimball Physics ELG-2 electron gun and a 
bandpass photon detector prepared according to an existing design.30"32 IPES was done 
in the isochromat mode using a photon detector centered at a fixed energy of 9.8 eV. 
The combined resolution (electron + photon) of the IPES spectrometer was determined 
to be ~ 0.6 eV from the width of the Fermi edge measured on a clean polycrystalline Au 
film. The UPS and IPES energy scales were aligned by measuring the position of the 
Fermi level on a freshly evaporated Au film. The position of the vacuum level, Evac, 
was measured for each surface using the onset of the secondary cut-off in the UPS 
spectra. All the measurements were done at room temperature. 
Kelvin Probe. The Kelvin probe method is widely used to determine the 
relative work function of metals and semiconductors by measuring the contact potential 
difference (CPD) between a reference surface and a sample; this analytical method is 
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sensitive and does not disturb the surface state of the sample under test.33"35 The 
measurements were performed using a commercial Kelvin probe S (Besocke Delta-Phi, 
Julich, Germany), as part of a home-built set-up, in the ambient inside a N2-filled 
glove-box. A vibrating gold grid (3 mm in diameter) was used as the reference 
electrode (work function 5.1 eV). A high-intensity white illumination of-200 mW/cm2 
was obtained from a quartz tungsten-halogen (QTH) lamp for the photosaturation 
experiments. The sample and probe were put in a Faraday cage to minimize electrical 
interference from external sources. 
2.2.4 Results 
XPS. XPS is a surface analysis technique that measures the chemical states and 
electronic states of the elements that exist within a material. XPS binding energy (BE) 
is a property of the hole state produced by removal of the core electron, which can be 
affected by the charge transfer by virtue of the Coulomb potential produced within the 
atom by the gain or loss of charge by outer orbitals. Figure 2.2.1 shows the 
representative detailed XPS spectra of the Si2p core level for silicon substrates grafted 
with different molecules. H-terminated silicon samples (Si-H) prepared by BOE 
etching were used as the reference. Silicon with a SiOx layer on the surface was used as 
the control sample and was prepared by heating the as-etched silicon in a mixed 
solution of H2SO4 and H202 or in a mixture of H202, NH4OH, and H20. The oxide 
thickness was about 2 nm. The strong peak around 99.5 eV (Figure 2.2.1) corresponds 
to the signal from bulk silicon (Si°+Si-H), while the broad peak around 103 eV results 
from the SiOx.36 For the Si-H reference, there was no SiOx present (Figure 2.2.1a). 
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After the samples had been molecularly grafted, although the grafting process was done 
under a N2 atmosphere inside a glove box, XPS indicated that various small amounts of 
SiOx were present due to the extended handling (Figure 2.2.1c-f). 
Binding Energy (eV) 
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Binding Energy (eV) 
Figure 2.2.1. Typical XPS core-level spectra of Si2p measured on different systems, 
(a) H-terminated silicon substrates (Si-H); (b) with the presence of SiOx on the silicon 
surfaces; silicon substrates were grafted by (c) 1 (Si-NMe2); (d) 2 (Si-NH2); (e) 3 
(Si-N02), and (f) 4 (Si-Mo). Black line (on bottom in each spectrum): HD-p-Si 
substrate; red line (second from bottom in each spectrum): MD-p-Si substrate; green 
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line (second from top in each spectrum): MD-n-Si substrate; blue line (top line in each 
spectrum): HD-n-Si substrate. 
UPS/IPES. UPS is a useful method for probing the electronic structures of 
material surfaces. Figure 2.2.2 is the UPS spectra of different molecular systems in 
which both the low-energy secondary cut-off and the highest occupied molecular 
orbital (HOMO) region (or valence band) are shown in BE relative to the Fermi level. 
The sharp intensity drop in the UPS spectra for BE around 17 eV is the so-called 
secondary electron edge (cut-off region), which corresponds to the energy level at 
which the photons are unable to eject electrons with any greater BE. Its energy position 
(Ecut-off) is extracted according to the on-set edge in the UPS spectra (Figure 2.2.2B). 
Thus, the work function (WFUPS) of the investigated surface can be determined 
according to Eq 1. The energy for the photon (hv) is 21.2 eV. The HOMO level is 
determined directly using the on-set edge in the spectra (Figure 2.2.2C) instead of the 
peak value. The values of Ecm-off, WFUPS, and HOMO for different systems are shown 
in Table 2.2.1. Similarly, the on-set edge in IPES spectrum was used to extract the 
lowest unoccupied molecular orbital (LUMO) level of the Si-H reference (Table 2.2.2). 
WFUPS = hv-Ecu,-off (1) 
Si-Type 
Ecut-off 
WFyps 
HOMO 
Si-Type 
Ecut-off 
WFUPS 
HOMO 
Si-Mo 
HD-p 
16.67 
4.53 
1.25 
MD-p 
17.31 
4.39 
1.31 
MD-n 
16.91 
4.29 
1.40 
HD-n 
16.88 
4.32 
1.39 
Si-NH2 
HD-p 
17.09 
4.11 
1.42 
MD-p 
17.09 
4.11 
1.45 
MD-n 
17.12 
4.08 
1.46 
HD-n 
17.16 
4.04 
1.51 
Si-N02 
HD-p 
16.54 
4.66 
1.39 
MD-p 
16.58 
4.62 
1.38 
MD-n 
16.62 
4.58 
1.43 
HD-n 
16.56 
4.64 
1.46 
Si-NMe2 
HD-p 
17.31 
3.89 
1.67 
MD-p 
17.48 
3.72 
1.72 
MD-n 
17.40 
3.80 
1.77 
HD-n 
17.49 
3.71 
1.81 
Table 2.2.1. The energy levels (eV) of ECut-off, WFUPS, and HOMO for different 
systems determined from UPS data. 
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Figure 2.2.2. Representative UPS spectra measured on different systems: (A) Survey; 
(B) Cut-Off; and (C) HOMO. Silicon substrates were grafted by (a) 1 (Si-NMe2), (b) 2 
(Si-NH2), (c) 3 (Si-N02), and (d) 4 (Si-Mo). The black line (on bottom in each 
spectrum): HD-p-Si substrate; red line (second from bottom in each spectrum): 
MD-p-Si substrate; green line (second from top in each spectrum): MD-n-Si substrate; 
blue line (top in each spectrum): HD-n-Si substrate. 
HD-p-Si 
MD-p-Si 
MD-n-Si 
HD-n-Si 
Ecut-off 
16.65 
16.99 
16.96 
16.90 
WFUPS 
4.55 
4.21 
4.24 
4.30 
HOMO 
0.78 
1.01 
1.08 
1.11 
LUMO 
0.8 
0.6 
0.6 
0.5 
BE(Si2p3/2) 
99.47 
99.71 
99.71 
99.77 
eVbb 
0.71 
0.75 
0.34 
0.48 
HD-p-Si 
MD-p-Si 
MD-n-Si 
HD-n-Si 
X 
4.23 
4.11 
3.68 
3.80 
EVBM 
0.78 
1.01 
-
-
ECBM 
-
-
0.59 
0.50 
BEV(Si2p3/2) 
98.69 
98.73 
-
-
BEC(Si2p3/2) 
-
-
100.30 
100.27 
Table 2.2.2. The energy levels (eV) for the Si-H control samples derived from the 
combination of UPS/IPES and XPS data: eVbb, surface band bending; % electron 
affinity; EVBM, charge transfer barrier for holes; ECBM, charge transfer barrier for 
electrons; BE(Si2p3/2), binding energy of Si2p3/2 with respect to the Fermi level (EF); 
BEv(Si2p3/2), binding energy of S'\2p3/2 with respect to the valence band maximum 
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(EVB) in the bulk silicon; BEc(Si2p3/2) binding energy of Si2p3/2 with respect to the 
conduction band minimum (ECB) in the bulk silicon. 
Kelvin Probe. The Kelvin probe method was another technique that was used 
to determine the work function (WFCPD), band bending (BBCPD), and electron affinity 
(XCPD) of the studied surface by measuring the CPD in the dark (CPDD) and under 
photosaturation (CPDL). C P D D is the value for the case in thermal equilibrium, from 
which the WFCPD can be calculated according to Eq 2 using a 5.1-eV work function of 
the probe (WFKp). For a metal-semiconductor arrangement, electrons and holes are 
generated next to the surface when the Si sample is illuminated, while the work 
function of the metallic probe does not change under illumination. For n-type 
semiconductors, the photogenerated electrons move towards the Si bulk being driven 
by the built-in electric field at the surface, whereas holes move towards the surface 
where they recombine with trapped electrons in surface states. For p-type 
semimconductors, the photogenerated holes move towards the Si bulk, while electrons 
move towards the surface where they recombine with trapped positive charges in 
surface states. This induces the charge redistribution in the space charge region and at 
the surface and, accordingly, the change in electrical potential distribution. The bands 
at the surface are thus flattened in an ideal case of photosaturation illumination. The 
electron affinity can be determined subsequently. 
WFCPD = WFKP + CPDD (2) 
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2.2.5 Discussion 
Shift in Si2p Core Level after Molecular Grafting. Although the absolute 
value of binding energy (BE) may be questioned, the present samples provide an 
internally consistent set for relative comparisons, which is preferred for fine analysis. 
The discussion below relies, therefore, on differences among the samples, i.e., on the 
shift in peak of Si2p bulk spectra. To obtain this shift after surface modification, a 
careful deconvolution was done on the Si2p bulk spectra. The fit criterion is that the 
branching ratio of Si2p3/2 to Si2pl/2 is 2:1. A fixed 90% Gaussian - 10% Lorentzian 
ratio was used for every band fitting. After deconvolution a doublet split of 0.61 ± 0.01 
eV was thereby calculated, reflecting the spin orbit splitting of the 2p shell and it was 
comparable to the literature value (-0.60 eV).37'38 A value of 0.52-0.58 eV for the full 
width at half-maximum (FWHM) of Si2p3/2 was calculated, for which the literature 
value is 0.48-0.52 on annealed wafers37'38 and 0.60-0.75 eV on as-implanted wafers.38 
The BE peak positions of both Si2p3/2 and S\2pl/2 are observed in the series Si-Mo < 
Si-N02 < Si-NH2 < Si-NMe2 (Figure 2.2.3), which follows the electron donor ability of 
the chemical species attached on the silicon surface. That is, the sample grafted with 
strong electron-donating molecules (e.g., Si-NMe2) has a higher peak value of Si2p 
core level while the strong electron-withdrawal sample (e.g., Si-Mo) has the lowest 
peak value. In addition, the silicon covered by oxides was observed to exhibit an even 
lower peak value of Si2p core level than Si-Mo. To make consistent comparisons, the 
peak value of the Si2p core level for the H-terminated silicon sample was used as the 
reference (Table 2.2.2) with excellent repeatability; the standard deviation for the 
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samples with different silicon substrates was between ± 0.02 and ± 0.05 eV for Si2p3/2 
and between ± 0.03 and ± 0.05 eV for Si2pl/2, respectively. The shift of the Si2p bulk 
spectrum is thus calculated by subtracting the reference value from the sample value 
(Shift value = Si2p5/2(sample) - Si2p3/2(reference), Figure 2.2.4), indicating a trend 
that parallels the electron donor ability of the molecules grafted on the surface. 
Moreover, the trend in these molecular effects is independent of the silicon type and 
doping density of the solid support albeit with different values for different substrates 
(Figures 3 and 4). Here one should note that the reference for the extraction of core 
level shift is the sample with both Si0 and Si-H rather than with Si0 itself, which 
explains why the value of the core level shift is not always positive for some donor 
systems. 
The observed molecular effects are consistent with the fact that highly-doped 
n-Si has the highest BE in Si2p bulk spectra and highly-doped p-Si exhibits the lowest 
BE (Figures 3 and 4). The electron-donating molecules therefore behave like a donor to 
silicon, for which the negative charge is donated to the lattice in the conduction band, 
which makes it more n-type. The electron-withdrawing molecules behave like an 
acceptor, in which the positive charge (hole) is created in the valence band and negative 
charge is gained by the grafted molecules, making the silicon more p-type. The impacts 
of molecular grafting on the core-level shift can be explained by the screening effects of 
negative charge in outer orbitals (conduction band) on the core hole. If there are more 
negative charges in the conduction band (donor-like molecules), it will take more 
energy (higher BE) to remove the core electron due to the screening effects; on the 
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other hand, it will take less energy (lower BE) to remove the core electron in the case 
that more holes are present in the valence band (acceptor-like molecules). In addition, 
the Fermi level is located higher in the gap for n-doped than that of p-doped 
semiconductor. Because the Fermi level of the sample under test is aligned with that of 
the system during the XPS measurements, n-doped samples will have a larger BE 
(relative to the Fermi level). The more n-type, the higher BE becomes. To minimize the 
possibility that the results are caused by the influences of beam-induced degradation 
during the XPS measurements, two different pass energies, 6.5 and 26 eV, were used. 
The same trend was observed for Si2p (results are not shown here), though with 
different BE peak values. Therefore, even if there was degradation during the 
measurements, it does not affect the aforementioned conclusions drawn from the XPS 
results. 
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Tailoring of the Work Function. As discussed previously, the work function 
of the sample under test can be measured using both UPS and Kelvin probe 
techniques.39 The former gives a direct measure of the work function of the solid, and 
the latter gives a value relative to the work function of the probe itself. For clean and 
well-ordered Si crystal, in light of the doping concentration, the theoretical values of 
the work function for the bulk HD-p-Si, MD-p-Si, MD-n-Si, and HD-n-Si are 
calculated to be 5.098, 4.939, 4.302, and 4.065 eV, respectively. In the UPS spectrum, 
the work function of the investigated surface (WFUPS) is the difference between the 
vacuum level (Evac.ups) and the energy of the electrons originating from the Fermi level 
of the sample, which is determined according to Eq 1. In the case of Kelvin probe 
measurements, the work function of the studied surface (WFCPD) is derived from Eq 2. 
The values of work function from both UPS and Kelvin probe are presented in Figure 
2.2.5. Using the H-terminated surface as the reference, similar to the analysis of the 
shift in Si2p core level, the change in work function of the investigated surfaces 
induced by molecular grafting is shown in Figure 2.2.6. An obvious trend in both the 
work function and its change is observed, although with different values, which agrees 
with the electron-donating ability of the grafted molecules. The most electron rich 
system (1, Si-NMe2) has the lowest work function, followed by the one with a slightly 
lower electron-donation capability (2, Si-NH2); whereas the electron deficient system 
(3, Si-NC^) has the highest work function. The work function of the investigated 
semiconductor surface is determined by three factors: (i) the energy difference between 
the Fermi level and conduction band minimum (ECB) in the bulk; (ii) the surface band 
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bending (eVbb), the electrical potential difference between the surface and the 
electrically neutral semiconductor bulk, which is usually expressed in the band diagram 
by the bending of EVB and ECB near the surface; and (iii) the electron affinity (%). Before 
molecular grafting (Si bulk), the difference between EF and EVB in the bulk for HD-p-Si 
and MD-p-Si is calculated to be 0.074 and 0.263 eV, respectively, while that between 
EF and ECB for MD-n-Si and HD-n-Si is 0.255 and 0.018 eV, respectively. For the 
samples under test, the ratio of atoms at the surface to those in the bulk is very small. 
Unlike impurity doping, even in the case that partial charges transfer between Si and the 
grafted molecules, the Fermi level in the bulk is not altered with different molecular 
attachments. Therefore, the change in work function induced by molecular grafting is 
attributed to the changes in eVbb and %, which are discussed in detail in the following 
sections. Note that the Si surface modified by the molecule that is the most electron 
withdrawing (4, Si-Mo) has a work function between Si-NC>2 and Si-NH2, rather than 
the highest value among all the samples. This is different from the XPS results, in 
which the Si-Mo shows a stronger molecular effect than Si-N02. The reasons for this 
difference are discussed in the last section. 
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Tailoring of Charge Transfer Barrier and eVbb Upon Molecular Grafting. 
Band bending is associated with the surface states/traps, i.e., with the density and 
energy distribution of the surface charge. The charge transfer takes place between the 
molecules and substrates as the molecules are grafted onto the surface due to the 
formation of chemical bonds, different Fermi levels between the substrates and grafted 
molecules, dipole moment effects, and so on. This charge transfer is dependent on its 
barrier, which is defined by the energy difference between the EF and EVB for holes 
(EVBM, Eq 3) and that between the EF and ECB for electrons (ECBM, Eq 4), as indicated in 
Figure 2.2.7. The lower the barrier, the easier is the charge transfer. Once the charge 
barrier is determined, the eVbb, relating to the change in surface charge, can be 
calculated according to Eqs 5 (holes) and 6 (electrons). The values of (Ep - EVB)BUIIC and 
(ECB - Ep)Buik are presented in the previous section. 
EvBM = ( E F - EVB)surface (3) 
ECBM = (ECB _ EF)Surface (4) 
eVbb = EVBM _ ( E F - EVB)Buik (5) 
eVbb = ECBM _ (ECB - EF)BUII< (6) 
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Figure 2.2.7. Energy band diagram of a silicon surface: functionalized p-Si, clean 
intrinsic Si, and functionalized n-Si. eVbb is derived from the energy levels in the bulk 
silicon (Fermi level, EF, valence band for p-Si, EVB, and conduction band for n-Si, ECB) 
and the measurement of the binding energy of S\2p3/2 core level, which is measured 
relative to EF using XPS. Surface potential step (8), modifying the intrinsic % of silicon, 
is determined from the WF measured using UPS and the eV^. 
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As shown in Figure 2.2.7, the Si2p3/2 core level (BE(Si2p3/2)) is determined 
relative to EF in the XPS measurement, which varies with e Vt* of the sample. If the 
binding energy is derived with respect to EVB for p-Si (BEv(Si2p3/2)) or with respect to 
ECB for n-Si (BEc(Si2p3/2)), then it is constant and independent of eVbb- If BEv(S\2p3/2) 
or BEc(Si2p3/2) is known, the hole injection barrier (EVBM) or electron injection barrier 
(ECBM) for Si substrates modified with different molecules can thus be determined 
according to Eqs 7 and 8, respectively, and, therefore eVbb can also be determined. The 
H-terminated Si surface (Si-H) is used as a reference to obtain the BEv(Si2/j^) for p-Si 
substrates and BEc{%\2p3/2) for n-Si. The BE(Si2p3/2) for Si-H is determined from the 
XPS measurements while EVBM for Si-H is derived from the UPS results, and ECBM is 
from the IPES (Table 2.2.2). Thus, BEv(Si2p3/2) or BEc(Si2p3/2) for different substrates 
is obtained and shown in Table 2.2.2. BEv(Si2p3/2) is close to the literature value (98.74 
eV).10'40 Subsequently, EVBM and ECBM for the substrates grafted with different 
molecules are extracted, as shown in Figure 2.2.8. 
EVBM = BE(Si2p^) - BEy(8i2P3/2) (7) 
ECBM = BEc(SL2/>^) - BE(Si2p3/2) (8) 
For p-Si substrates (Figure 2.2.8), the most electron rich system (Si-NMe2) has the 
highest hole injection barrier, followed by the one with a slightly lower 
electron-donation capability (Si-NH2), then the electron deficiency system (Si-NCb), 
whereas the most electron deficiency system (Si-Mo) has the lowest hole injection 
barrier. eVbb for p-Si substrates is calculated according to Eq 5, and the results are 
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plotted in Figure 2.2.9. The same trend as that for EVBM is observed. Si-NMe2 has the 
highest eVbb, followed by Si-NH2, then Si-NC>2, and Si-Mo has the lowest eVbt,. 
Furthermore, the trend for both EVBM and eVbb is substrate independent. This agrees 
well with our previous observations in devices that the threshold voltage for a 
p-channel MOSFET increases with the increasing relative electron donor-ability of the 
molecules grafted in the channel region.21 The higher the eVbb, the stronger the 
depletion layer is on the surface. Therefore, among the samples grafted by molecules 
1-4, on p-Si substrates the Si-NMe2 system has the strongest depletion in the surface 
region, followed by Si-NH2, then Si-NC>2, and Si-Mo has the weakest depletion. This is 
reasonable since the depletion layer in p-Si is correlated with the positive surface 
charge (i.e., with the negative space charge of ionized acceptors). The electron donating 
molecules give electrons to the p-Si substrates and, thus, they become partly positively 
charged, leading to an increase in the positive surface charge density. Accordingly, the 
depletion becomes stronger. As expected, the opposite trend is seen for the electron 
withdrawing molecules. 
The effect can also be viewed from the perspective of charge transfer. Some 
holes in the space charge region can recombine with the negative charges (electrons) 
donated by the electron donating molecules, resulting in lower hole density. 
Simultaneously, the negative charge density in the surface decreases by the same 
amount due to the transfer of negative charges from molecules to p-Si. Thus a stronger 
depletion in the space charge region is formed. When p-Si is modified by electron 
withdrawing molecules, some holes are created in the space charge region due to the 
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transfer of negative charges from p-Si to the molecules, giving rise to a weaker 
depletion in the space charge region. 
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Figure 2.2.8. (A) Hole injection barrier (distance between EVB and EF) of different p-Si 
substrates grafted by a monolayer of 1-4. (B) Electron injection barrier (distance 
between EF and ECB) of different n-Si substrates grafted by a monolayer of 1-4. The 
results were derived from the combination of XPS and UPS/IPES results. 
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For n-Si substrates, theoretically, the trends for ECBM and its related eVbb should 
be opposite to those for p-Si substrates when grafted with the same molecules. That is, 
Si-Mo samples exhibit the highest ECBM and eVbb for n-Si substrates, followed by 
Si-NC>2, then Si-NH2, and Si-NMe2 has the lowest ECBM and eVbb- This agrees very well 
with our experimental results (Figures 8B and 9B). Since the depletion layer in n-Si is 
induced by the negative surface charge (i.e., correlated with the positive space charge 
of ionized donors), the electron donating molecules give electrons to the n-Si substrates 
and, thus, become partly positively charged, resulting in a decrease in the negative 
surface charge density. Consequently, the depletion becomes weaker (lower eVbb). 
Conversely, the depletion becomes stronger for the electron withdrawing molecules 
(higher eVbb). Again, the trends are substrate independent. 
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Figure 2.2.9. (A) eVbb for p-Si substrates grafted by a monolayer of 1-4, derived from 
the data shown in Figure 2.2.8A. (B) eVbb for n-Si substrates grafted by a monolayer of 
1-4, derived from the data shown in Figure 2.2.8B. 
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Another method to determine the EVBM for p-Si is to use the EF,UPS and HOMO 
(or EVB) derived directly from UPS spectra and, thus, the corresponding eVbb from Eq 
5. The results are shown in Figure 2.2.10, which displays an identical trend, albeit with 
different values, to the aforementioned ones resulting from the combination analysis 
using the data from both XPS and UPS/IPES. Theoretically, ECBM can also be directly 
extracted using the EF,IPUS and the LUMO (or ECB) derived from the IPES spectra, and 
its related eVbb can be calculated according to Eq 6. However, the extracted maximal 
difference among the samples based on MD-n-Si substrates is 0.3 eV and that for 
samples based on HD-n-Si substrates is 0.2 eV. Considering the relatively low 
resolution of 0.6 eV for IPES characterization, the error for the extraction of ECBM 
directly using IPES data is too high and, thus, it is not considered here although a trend 
similar to that derived from our other analytical techniques was observed. Furthermore, 
the height of the charge transfer barrier can also be determined from the current-voltage 
curve17 in which the charges pass through the molecules. However, we found that in our 
case the barrier height derived from this method is similar for all the systems. This 
might result from the presence of pinholes and defects in the ultra-thin molecular 
layers. Thus these results will not be further discussed. 
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103 
Tailoring of Electron Affinity and Surface Potential Step Upon Molecular 
Grafting. % at a semiconductor surface is defined as the energy required to excite an 
electron from the bottom of the ECB at the surface to the local vacuum level.39 That the 
molecular dipole can increase or decrease % and WF is due to the presence of the 
electrical potential drop across the grafted molecular thin film, which is dependent on 
the dipole size and direction of the molecules attached on the surface; this can be 
extracted from the Helmholtz relation.17'33'41 Provided the sign of the molecular dipole 
is defined to be negative if the positive pole of the dipole points away from the surface 
after grafting, attaching the molecules with a negative dipole will decrease the % and 
WF because an emitted electron is accelerated within this dipole field on its way from 
the ECB at the surface into the local vacuum. When attaching the molecules with a 
positive dipole, on the other hand, the dipole field will impede the escape of electrons, 
resulting in an increase in % and WF. In other words, for the same substrate surface the % 
will be larger by grafting the molecules with a positive dipole than that with a negative 
dipole. The experimental observations (Figure 2.2.11 A) are consistent with this 
theoretical prediction, which are derived combining the data from UPS/IPES and XPS, 
as indicated in Eqs 9 (for n-Si substrates) and 10 (for p-Si substrates). The WFUPS is 
obtained from UPS measurements as shown in the previous discussion. The ECBM and 
EVBM are derived as indicated in the previous section. The bandgap of Si (Eg) is 1.12 
eV. The molecules with a positive dipole (Si-NC>2) give rise to the highest %, followed 
by Si-NH2 (negative dipole), and the molecules with the most negative dipole 
(Si-NMe2) result in the lowest x- Because the molecule with Mo6 cluster bears a 
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positive dipole, it causes a higher % than those with a negative dipole. Since the dipole 
size of the Mo6 cluster molecule is unknown, it is not compared directly with Si-NC>2. 
Si-NC>2, Si-NH2 and Si-NMe2 are all approximately the same size, while Si-Mo is much 
larger, therefore only the first three are comparable in this trend. The contribution from 
the dipole moment of the grafted organic molecules to the work function of the studied 
surface is interpreted by surface potential step (8), which is derived from Eq 11 (4.05 
eV for xsi)- The same trend as that for % has been observed (Figure 2.2.1 IB). 
Xn = W F U P s - E C B M (9) 
Xp = WFUps + E V BM-E g (10) 
8 = X-Xsi (11) 
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Figure 2.2.11. (A) Electron affinity of different Si substrates grafted by 1-4 and (B) the 
related surface potential step. The results are derived from the combination of XPS and 
UPS/IPES results. 
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X and 8 can also be determined using the Kelvin probe method in light of Eqs 12 
(for n-Si substrates) and 13 (for p-Si substrates) (Figure 2.2.12). The sum of the probe 
work function (WFKp) and contact potential difference (CPDL) can be considered as the 
work function of investigated surface in the flat band condition when measured under 
photosaturation illumination. By means of the Kelvin method, the dipole effects of 
Si-CeH4-OCH3 (negative dipole, but less negative than Si-CeFLrNFb) and Si-CeFLt-Br 
(positive dipole, but less positive than Si-CeFU-NCb) were also determined. Both x and 
5 were observed in the series Si-C6H4-NMe2 < Si-C6H4-NH2 < Si-C6H4-OCH3 < 
Si-CeFLt-Br < Si-CeFLrNC ,^ which exhibits the same trends as those shown in Figure 
2.2.11, although with different values, and is consistent with the sequence of the dipole 
moment and the relative electron donor ability of the grafted molecules. (In this 
discussion we inserted -C6H4- for clarity with the newly viewed molecular systems.) 
X„ = WFKP + C P D L - ( E C B - E F ) (12) 
Xp = WFKP + CPDL + (EF-EvB)-Eg (13) 
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Figure 2.2.12. (A) Electron affinity of different Si substrates grafted by 1-4 and (B) the 
related surface potential step. The results are derived from Kelvin probe measurements. 
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Sometimes the Si-N02 did not increase the electron affinity compared with that 
of bulk silicon (Figures 11 and 12), which is opposite to the aforementioned theoretical 
prediction. This is possibly caused by the presence of hydrogen adatoms on the surface 
for n-Si substrates. Compared with the n-Si bulk, an obvious decrease in electron 
affinity of the H-terminated n-Si surface was observed (Table 2.2.2). Considering that a 
complete termination of the Si surface with hydrogen adatoms is assumed to be 
obtained by BOE etching (~ 1015 cm"2) whereas the molecular coverage is about 1013 
cm"2, a large amount of hydrogen adatoms still exists on the surface after molecular 
grafting and this is also observed in the surface IR.27 Therefore, the presence of 
hydrogen adatoms will partly cancel the dipole effect from the grafted molecules with 
positive dipole moments. A stronger dipole moment effect was observed for the grafted 
molecules with negative dipole (Si-NH2 and Si-NMe2) than that for the H-terminated 
surface in both the literature10 and our experiments, indicating the observed dipole 
effects (decrease in %) in these systems are indeed from the grafted molecules. As for 
the p-Si substrates, however, the reason is still unclear since a slight increase in electron 
affinity was observed in the p-Si-H samples (Table 2.2.2). It is reported that the 
molecular dipole reduces due to the intermolecular dipole-dipole interactions when a 
monolayer is formed on a surface.9 But our result for this case still cannot be fully 
explained since the dipole is always positive for 3 (Si-NC^) even after molecular 
grafting; the electron affinity of the investigated Si-NC»2 surface should still increase as 
indicated in the previous discussion. Further research needs be done to address this 
point. 
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Charge Transfer and Dipole Moment Effects. The behavior of the Si-Mo 
system is explained by the following arguments. For the BE of Si2p core level and its 
related shift (Figures 3 and 4) and for EVBM (ECBM) and eVbb (Figures 8, 9, and 10), the 
Si-Mo system is nearly located on the straight line of the trends for those values, while 
the Si-Mo system deviates from the trend for the WF and its related change (Figures 5 
and 6) and for % and 8 (Figures 11 and 12). It is known from Figure 2.2.7 that the BE 
and EVBM (ECBM) vary with eVbb and are measured or extracted with respect to the 
Fermi level, which are coherent in nature with the density and energy distribution of 
surface charges and are dependent on the charge transfer during the BOE etching and 
grafting process. When a molecule is covalently grafted directly to the surface, it is 
possible for fractional amounts of charge to transfer to or from the molecule owing to 
its efficient interaction with the delocalized silicon wavefunctions. The amount and 
direction of the charge transfer depends on many factors. The difference in the 
electronegativity between silicon and carbon atoms is not considered here since the 
same chemical bond is formed among all the systems during the grafting process, 
although the electronegativity difference does influence the charge transfer. The 
difference in the work function or electrochemical redox potential between grafted 
molecules and silicon substrates also has an impact on the charge transfer. Depending 
on the size, polarity and density, the dipole moment of the grafted molecule can cause 
charge redistribution within the system, leading to a change in the surface states and, 
thus, a change in the eVbb. For an adsorbed single polar molecule, the substrate plays a 
major role in charge transfer due to a dipole-induced dielectric response. Conversely, 
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the molecules play the main role for an adsorbed monolayer because of the 
intermolecular dipole-dipole interactions.9 
For the properties related to the eVbb, therefore, the sequence in the trend of 
molecular effects results from a combination of the aforementioned factors. Among the 
samples grafted by 1-3, the difference in the charge transfer must be due to the presence 
of the different functional groups, since that is the only difference in the structures and 
components among them (assuming the same molecular coverage for them due to their 
similar footprint size). As we have discussed, the p-Si substrate grafted by the 
molecules with the strongest electron donating capacity (the Si-NMe2 system) exhibits 
the highest eVbb while the one with the strongest electron withdrawing group (Si-NC^ 
system) has the lowest eVbb, and the value for Si-Nt^ is located between them. For n-Si 
substrates the trend for molecular effects on the eVbb is in the opposite order. 
Regardless of the type of substrates, grafting of the molecules with -NMe2 groups (the 
most electron-rich molecules) make the silicon more n-type, the ones with -NH2 (less 
electron-rich molecules) make it again more n-type but not as much as with the -NMe2, 
and the molecules with -NO2 (electron-deficient molecules) make it more p-type 
(Figures 3 and 4). 
As for the Si-Mo system, the size of its footprint is much larger than in the other 
cases, resulting in a lower molecular monolayer coverage. Therefore it is unreasonable 
to compare the dipole moment effects of the Si-Mo directly with the other shorter 
systems. Considering nitrobenzene has a more negative reduction potential than that of 
the aryl polymolybdate cluster,42"44 the substrates can gain less negative charge or more 
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positive charge from Si-Mo than that from Si-NCh. For p-Si substrates, therefore, the 
Si-Mo system exhibits a lower eVbb (weaker depletion) than Si-N02, while for n-Si 
substrates the Si-Mo system leads to a higher eVbb (stronger depletion) than Si-N02. 
Thus, the work function and electrochemical redox potential of the grafted molecules 
are playing a role in the change of eVbb, i.e., both the low eVbb for p-Si substrates and 
high eVbb for n-Si substrates are mainly caused by the less negative reduction potential 
of the aryl polymolybdate cluster. Due to the same effects, regardless of the type of 
substrates, grafting of the Mo6 cluster made the silicon more p-type than the molecules 
grafted with -NO2 (Figures 3 and 4). These afford evidences that, as well as the dipole 
moment, the redox potential or work function of the grafted molecules should also be 
considered as a factor that can influence the charge transfer. In addition, for 
H-terminated substrates (Si-H), a relatively high eVbb was observed for both p- and n-Si 
substrates (Table 2.2.2). Since the molecular coverage for Si-Mo is much lower than 
that for the other molecule types, more hydrogen adatoms are present on the surface of 
the Si-Mo sample. This combination of factors account for the observed experimental 
phenomena. 
On the other hand, the determination of WF and % is related to the surface 
potential step (8), which is dependent on the dipole moment of the grafted molecules. 
As discussed above, attaching the molecules with positive dipole increases the WF, x, 
and 5 regardless of the type of silicon (n- or p-), whereas grafting the molecules with 
negative dipole results in a decrease of the values. According to the experimental 
results (Figures 11 and 12), the dipole effects in Si-Mo are less than those in Si-NCh but 
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stronger than Si-NH2. Since the molecular coverage and package density of Si-Mo are 
different from the other smaller molecules, it is not reasonable to compare it directly. In 
addition, because of the intermolecular dipole-dipole interactions (for an adsorbed 
molecular layer) or dipole-induced dielectric response (for an adsorbed single polar 
molecule) and/or the charge transfer between the grafted molecules and silicon 
substrates, the dipole moment of the grafted molecules may be different from that prior 
to grafting. If the same molecules are used, different doping types and densities in 
silicon substrates can lead to different amounts of charge transfer between the grafted 
molecules and silicon, resulting in different dipole moments of the grafted molecules 
and, thus, in different 8. This may explain the observed phenomenon wherein there is a 
relatively large spread in % and 8 when the same molecules are grafted onto different 
substrates. 
SiOx is formed on the surface of the grafted samples due to an unintended 
oxidation during the grafting process, which is also observed via electrochemical 
grafting.10 For p-Si substrates, the samples covered only by oxides have a low eVbb 
while for n-Si substrates the eVbb is high (Table 2.2.3). The defects associated with 
oxide formation are the presumed reason for the eVbb. For both n- and p-Si substrates, 
an increase in electron affinity was observed for the samples completely covered by 
oxides compared with that of bulk silicon (Table 2.2.3). The only exception is for the 
HD-p-Si covered by oxides. However, considering that the measurement error for the 
Kelvin probe is at least several meV, -0.003 eV for the difference in the electron affinity 
is within the error. However, the surface oxide overall contribution should be very low 
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since the amount of oxides on the surface is much less than that of grafted molecules 
and hydrogen adatoms. In addition, the eVbb for highly-doped n- or p-Si substrates 
appears to be slightly high. This is attributed to the presence of Si-H and/or oxide on the 
surface. Another possible reason may come from its more metal-like properties for 
highly-doped silicon substrates, which makes the charge transfer much easier. 
HD-p-Si 
MD-p-Si 
MD-n-Si 
HD-n-Si 
BE(Si2p32f 
99.09 
99.38 
99.44 
99.62 
WFb 
4.82 
4.84 
4.88 
4.79 
EvBM 
0.40 
0.65 
-
EcBM 
-
-
0.86 
0.65 
eVbbc 
0.327 
0.387 
0.605 
0.632 
xb 
4.02 
4.39 
4.35 
4.84 
5b 
-0.03 
0.34 
0.30 
0.79 
Table 2.2.3. The values of energy levels for the samples of silicon covered only by 
oxides (eV).a The values are derived from XPS. b The values are from Kelvin probe 
measurements.c The values are from the combination of XPS and UPS/IPES results. 
2.2.6 Conclusion 
Based on the results presented here, the electronic structures (WF, EVBM (ECBM), 
eVbb, x, and 8) of the Si/molecule interface can be tuned systematically in accordance 
with the electron donating ability, redox capability or work function, and/or dipole 
moment of the grafted molecules. The molecular effects result in a change both in eVbb 
(charge transfer) and in electron affinity (dipole moment) of the studied surfaces. 
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Although the absolute values for these physical parameters are difficult to determine, 
the investigated samples provide an internally consistent set for relative comparisons, 
which is preferred and suitable for analysis. Although the influences from residual 
hydrogen adatoms and unintended oxides on the surface should be considered, the 
electrostatic behavior of the non-perfect molecular monolayer is still significant enough 
for the modulation of electronic structures. The results could have practical 
implications for (bio)sensors and, especially, for controllable tuning of electronic 
performance in nano-sized devices via surface engineering where consistent impurity 
doping using traditional doping techniques is difficult to achieve, whereas surface 
modifications become attractive at the nanoscale since the surface-to-volume ratio 
increases dramatically. 
This work was published in the Journal of the American Chemical Society?5 
2.2.7 Contributions 
Dr. Meng Lu and I synthesized the molecules used in this section. Dr. Tao He 
performed the electrical analysis and performed the calculations. Dr. Bo Chen 
performed some of the surface analysis. Our collaborators in Israel performed the 
Kelvin probe measurements, and our collaborators in Rochester provided access to the 
UPS and IPS instrumentation. 
115 
8 References 
Ashkenasy, G.; Cahen, D.; Cohen, R.; Shanzer, A.; Vilan, A. Ace. Chem. Res. 
2002, 35, 121. 
Bocharov, S.; Dmitrenko, O.; De Leo, L. P. M.; Teplyakov, A. V. J. Am. Chem. 
Soc. 2006,128, 9300. 
Boulas, C; Davidovits, J. V.; Rondelez, F.; D. Vuillaume, D. Phys. Rev. Lett. 
1996, 76, 4797. 
Buriak, J. M. Chem. Rev. 2002,102, 1271. 
Cahen, D.; Naaman, R.; Vager, Z. Adv. Funct. Mater. 2005,15, 1571. 
Cohen, R.; Ashkenasy, G.; Shanzer, A.; Cahen, D. Grafting Molecular 
Properties onto Semiconductor Surfaces; In Semiconductor Electrodes and 
Photoelectrochemistry; Bard, A. J., Stratmann, M., Licht, S., Eds.; Wiley: 
Weinheim, 2002, 127. 
Cohen, R.; Zenou, N.; Cahen, D; Yitzchaik, S. Chem. Phys. Lett. 1997, 279, 
270. 
Cohen, R.; Kronik, L.; Vilan, A.; Shanzer, A.; Rosenwaks, Y.; Cahen, D. Adv. 
Mater. 2000,12, 33. 
Deutsch, D.; Natan, A.; Shapira, Y.; Kronik, L. J. Am. Chem. Soc. 2007, 129, 
2989. 
116 
10. Hunger, R.; Jaegermann, W.; Merson A.; Shapira Y.; Pettenkofer, C; Rappich, 
J. J. Phys. Chem. B 2006, 110, 15432. 
11. Quek, S. Y.; Neaton, J. B.; Hybertsen, M. S.; Kaxiras, E.; Louie, S. G. Phys. 
Rev. Lett. 2007, 98, 066807. 
12. Segev, L.; Salomon, A.; Natan, A.; Cahen, D.; Kronik, L. Phys. Rev. B 2006, 
74, 165323. 
13. Yoder N. L.; Guisinger, N. P.; Hersam, M. C; Jorn, R.; Kaun, C. C; Seideman, 
T. Phys. Rev. Lett. 2006, 97, 187601. 
14. Linford, M. R.; Fenter, P.; Eisenberer, P. M.; Chidsey, C. E. D. J. Am. Chem. 
Soc. 1995,777,3145. 
15. Saito, N.; Hayashi, K.; Sugimura, H.; Takai, O. Langmuir 2003, 19, 10632. 
16. Hurley, P. T.; Nemanick, E. J.; Brunschwig, B. S.; Lewis, N. S. J. Am. Chem. 
Soc. 2006,128, 9990. 
17. Vilan, A.; Ghabboun, J.; Cahen, D. J. Phys. Chem. B 2003, 707, 6360. 
18. Bansal, A.; Li, X. L.; Lauermann, I.; Lewis, N. S.; Yi, S. I.; Weinberg, W. H. J. 
Am. Chem. Soc. 1996, 775, 7225. 
19. Webb, L. J.; Lewis, N. S. J. Phys. Chem. B 2003, 707, 5404. 
20. de Villeneuve, C. H.; Pinson, J.; Bernard, M. C; Allongue, P. J. Phys. Chem. B 
1997,707,2415. 
117 
21. He, T.; He, J. L.; Lu, M.; Chen, B.; Pang, H.; Reus, W. F.; Nolte, W. M.; 
Nackashi, D. P.; Franzon, P. D.; Tour, J. M. J. Am. Chem. Soc. 2006, 128, 
14537. 
22. Jaegermann, W. The Semiconductor/Electrolyte Interface: A Surface Science 
Approach; In Modern Aspects of Electrochemistry; White, R. E., Conway, B. 
E., Bockris, J. O. M., Eds.; Plenum Press: New York, 1996; Vol. 30. 
23. Becker, H. G. O.; K. Grossmann, J. Prakt. Chem. 1990, 332, 241. 
24. Milz, H.; Schladetsch, H. J. Monodiazotization of Aromatic Diamines; Ger. 
Offen., 1977; 15 pp. 
25. Dai, M. J.; Liang, B.; Wang, C. H.; Chen, J. H.; Yang, Z. Org. Lett. 2004, 6, 
221. 
26. Lu, M.; Nolte, W. M.; He, T.; Corley, D. A.; Tour, J. M. Chem. Mater. 2009,21, 
442. 
27. Stewart, M. P.; Maya, F.; Kosynkin, D. V.; Dirk, S. M.; Stapleton, J. J.; 
McGuiness, C. L.; Allara, D. L.; Tour, J. M. J. Am. Chem. Soc. 2004,126, 370. 
28. Hines, M. A.; Chabal, Y. J.; Harris, T. D.; Harris, A. L. J. Chem. Phys. 1994, 
101, 8055. 
29. Hines, M. A. Annu. Rev. Phys. Chem. 2003, 54, 29. 
118 
30. Yan, L.; Watkins, N. J.; Zorba, S.; Gao, Y. L.; Tang, C. W. Appl. Phys. Lett. 
2001, 79, 4148. 
31. Ding, H. J.; Gao, Y. L. Appl. Phys. Lett. 2005, 86, 213508. 
32. Ding, H. J.; Zorba, S.; Gao, Y. L.; Ma, L. P.; Yang, Y. J. Appl. Phys. 2006,100, 
113706. 
33. Kronik L.; Shapira, Y. Surf. Sci. Rep. 1999, 37, 1. 
34. Ruhle, S.; Cahen, D. J. Appl. Phys. 2004, 96, 1556. 
35. Ofir, Y.; Zenou, N.; Goykhman, I.; Yitzchaik, S. J. Phys. Chem. B 2006, 110, 
8002. 
36. Shallenberger, J. R. J. Vac. Sci. Technol. A 1996,14, 693. 
37. Shallenberger, J. R.; Cole, D. A.; Novak, S. W. J. Vac. Sci. Technol. A 1999, / 7, 
1086. 
38. Shallenberger, J. R.; Cole, D. A. 1998 International Conference on Ion 
Implantation Technology Proceedings, 1999, vol. 1, 566. 
39. Cahen, D.; Kahn, A. Adv. Mater. 2003,15, 271. 
40. Himpsel, F. J.; Hollinger, G.; Pollak, R. A. Phys. Rev. B 1983, 28, 7014. 
41. Oliveira Jr., O. N.; Taylor, D. M ; Lewis, T. J.; Salvagno, S.; Stirling, C. J. M. J. 
Chem. Soc. Faraday Trans. 71989, 85, 1009. 
119 
42. Lu, M.; Xie, B.; Kang, J.; Chen, F.; Yang, Y.; Peng, Z. Chem. Mater. 2005,17, 
402. 
43. Donkers, R. L.; Workentin, M. S. Chem. Eur. J. 2001, 7, 4012. 
44. Kang, J.; Nelson, J. A.; Lu, M.; Xie, B.; Peng, Z.; Powell, D. R. Inorg. Chem. 
2004, 43, 6408. 
45. He, T.; Ding, H.; Peor, N.; Lu, M.; Corley, D. A.; Chen, B.; Ofir, Y.; Gao, Y.; 
Yitzchaik, S.; Tour, J. M. J. Am. Chem. Soc. 2008,130, 1699. 
120 
2.3 Controllable Molecular Modulation of Conductivity in Si Devices 
2.3.1 Section Abstract 
The electronic properties of silicon, such as the conductivity, are largely 
dependent on the density of the mobile charge carriers, which can be tuned by gating 
and impurity doping. When the device size scales down to the nanoscale, routine 
doping becomes problematic due to inhomogeneities. Here we report that a molecular 
monolayer, covalently grafted atop a silicon channel, can play a role similar to gating 
and impurity doping. Charge transfer occurs between the silicon and the molecules 
upon grafting, which can influence the surface band bending, and makes the molecules 
act as donors or acceptors. The partly-charged end-groups of the grafted molecular 
layer may act as a top gate. The doping- and gating-like effects together lead to the 
observed controllable modulation of conductivity in 
pseudo-metal-oxide-semiconductor field-effect transistors (pseudo-MOSFETs). The 
molecular effects can even penetrate through a 4.92-um thick silicon layer. Our results 
offer a paradigm for controlling electronic characteristics in nanodevices at the future 
diminutive technology nodes. 
2.3.2 Introduction 
In metal-insulator-semiconductor-based devices, the density of mobile charge 
carriers can be tuned by an applied electric field via carrier depletion or accumulation. 
On the other hand, dopants play a longstanding and vital role in the silicon-based 
devices as passive charge providers. According to Moore's Law,1 the density of 
transistors on an integrated circuit (and thereby the attainable processing power) 
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doubles about every 18 months, scaling the size of devices down to the nanometer 
range. At these dimensions, few dopant atoms are needed to achieve the required 
channel conductivity. However, in future nanosized devices, the number and position 
of the dopant atoms will vary between devices due to a random Poisson distribution and 
the process variation, resulting in a serious fluctuation in single device functioning and 
an unacceptable level of device-to-device variation.2'3 Thus, traditional impurity 
doping techniques such as implantation or diffusion might not be compatible with 
nanostructured materials such as one-dimensional nanowires. Hence, much research 
has been undertaken in the past few years to develop new doping strategies.2"9 
However, it is claimed that doping may fail to control the conductivity in one- and 
two-dimensions also because the binding energies associated with donors and acceptors 
are strongly enhanced when a nanomaterial or nanostructure becomes too thin for a 
three-dimensional donor-bound electron or acceptor-bound hole to fit inside.10 
Therefore, the modulation of electrical properties of semiconductor device is expected 
to be achieved by using different techniques. 
One possible method is via tuning the surface and/or interface states in the 
active region.11"14 The majority of related work focuses on attaching molecules onto the 
gate metal or insulator layer of a field-effect transistor (FET) or onto the metal surface 
of a Schottky diode, and sometimes directly onto the semiconductor surface.15"26 
Taking advantage of the dramatic increase in the surface-area-to-volume-ratios of small 
features, and provided that back-end processing of future devices could be held to 
temperatures that are molecularly permissive (300-350 °C),27 it is attractive to seek 
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controllable modulation of device performance through surface molecular 
modifications in order to provide a handle for device-to-device "dopant" level 
homogeneity. In addition, this well-ordered, close-packed molecular film on the solid 
surface may lead to the formation of a dipole layer, over which a uniform electrostatic 
potential drop can be created. This potential can produce effects similar to those 
induced by the gate in an FET.17 
We have reported that the electronic structures at the molecule/silicon 
interface can be systematically tuned in accordance with the electron-donating ability, 
redox capability, and/or dipole moment of the grafted molecules.18 Moreover, the 
device conductivity of p-channel pseudo-MOSFETs can be systematically tuned, 
consistent with the electron-donating ability of the molecules grafted atop oxide-free, 
silicon surfaces in the channel region.19 We have suggested that the observed molecular 
effects are caused by charge transfer between the device channel and grafted 
molecules;19 however, the mechanism of the influence of charge transfer and molecular 
dipole moment on the channel conductivity still remained unclear. If the main role of 
charge transfer is to lead to the change in doping level, its decrease caused by 
electron-donating molecules would lead to a less negative threshold voltage for 
p-channel devices (accumulation), since the Fermi level of p-Si device layer is above 
that of the handle (gate) layer. The trend would be expected to reverse (i.e. a more 
negative threshold voltage) for an increase in doping level when electron-withdrawing 
molecules are grafted to the surface. However, these are opposite to the observed 
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results.19 Another concern is how and why the molecular effects can penetrate through 
hundreds of nanometers of a device layer without being significantly screened. 
To answer these questions, we have further studied the molecular effects by 
fabricating both p- and n-channel pseudo-MOSFETs with two different thicknesses of 
silicon active layers. We have optimized the device design in order to minimize the 
hysteresis. Following previously reported methods,1819'28 two different types of 
molecules (-C6H4-NO2 and -C6H4-NH2) were covalently grafted as molecular 
monolayers onto the channel region between the drain and source electrodes (Figure 
2.3.1). According to the proposed mechanism for grafting, electrons are injected into 
the diazonium salts from the hydrogen-passivated silicon substrate (Si-H) to produce 
aryl radicals for grafting.19'28 Hydrogen adatoms are replaced by molecules during 
grafting. The resultant Si-C bonds are thermodynamically stable due to their bond 
strength (3.5 eV) and low polarity.29'30 Some H-terminated sites remain due to the steric 
constraints of the grafted molecules, as seen by FT-IR analysis.28 Nevertheless, the 
resultant monolayers are dense enough to provide significant surface passivation 
against electrochemical Faradaic charging, and they are even stable to short exposures 
in buffered oxide etch (BOE) or KOH that would normally lead to etching of the 
surface.28 The molecular effects were studied by comparing the current-voltage (I-V) 
characteristics before and after grafting. The obtained results indicate that the major 
role of charge transfer is to lead to a change in surface band bending and, thus, the 
channel conductivity. The contrasting results from the two types of conduction 
channels agree with our proposed charge-transfer mechanism since an opposite 
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molecular effect is observed between the two channel types. The results from two 
different device-layer thicknesses not only confirm the charge-transfer effect, but also 
help answer how and why the molecular effects can penetrate through hundreds of 
nanometers of a device layer without being significantly screened. Based on all these, 
the molecular effects are elucidated experimentally and theoretically in detail in this 
paper. 
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Figure 2.3.1. General design of the devices. (A) Schematic diagram of the device cross 
section (not to scale). Silicon nitride and oxide were used for isolation. The device layer 
was nearly intrinsic p-Si (<100>, B doped, 6.65 x 1012 cm"3, > 2000 Q. cm), with two 
different thicknesses (450 nm and 4.92 urn, respectively). The handle layer was p-Si 
(<100>, B doped, 14-22 Q. cm, 675-um thick) and acted as the back-gate terminal, 
which was coated by a 200-nm-thick sputtered Au layer. The buried oxide (BOX) layer 
(1000-nm thick) acted as the gate dielectric. (B) Optical micrograph of a typical device. 
Boxed regions indicate source and drain junctions (80 um x 80 um), between which sits 
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the channel (100 um x 100 um) where molecules were grafted. The source and drain 
junctions were heavily doped with B or As at a level of about 10 cm" (-10" Ocm, ~ 
130 nm deep) to achieve ohmic contacts for electron and hole flows when metal probe 
tips were applied at a suitable pressure, (c) Structures of the starting molecules (1 and 
2) used for grafting atop the device channel, wherein the diazonium moiety of the 
molecule is lost, and a direct aryl-silicon bond (Si-C) is formed. 1 provides a strong 
electron withdrawing moiety (-NO2 end group) to the aryl ring, while 2 provides a 
strong electron donating moiety (-NH2). 
2.3.3 Experimental 
Device Fabrication. The pseudo-MOSFET devices were fabricated using 
silicon-on-insulator (SOI) wafers (Figure 2.3.1).1119 To avoid destroying the grafted 
molecules and interfering with their influence, we used a simple back-gating design 
instead of a more complicated and potentially damaging top-gate fabrication, or a 
complicated and less robust air or vacuum bridge-gate test structure. Source electrode 
was grounded during the measurement; gate (Vg) and drain (Vvs) voltages were 
measured with respect to the source. When Vg = FDS = 0, the device is in equilibrium 
and there is no current. An accumulation channel (p-channel) can be activated in the 
devices with B-doped junctions when both the gate and drain were negatively biased, 
while an inversion channel (n-channel) was present in the devices with As-doped 
junctions under positive Vg and Vm- In addition, the influence of source and drain 
parasitic series resistance can be neglected because the doping levels in these junctions 
are much higher than that in the channel region as well as due to the aforementioned 
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ohmic contacts. Although in the previous design silicon nitride (Si3N4) and silicon 
oxide were used for isolation, a relative large hysteresis was always observed.19 This is 
possibly because a field isolation layer was deposited directly atop the device layer, in 
which parasitic current paths such as lateral spreading of current into the silicon film 
may be present. Hence, in this paper, mesas are etched into the silicon as shown in 
Figure 2.3.1a in order to reduce parasitic current paths similar to trench isolation. As a 
result, 143 out of 144 tested devices showed no hysteresis. Here, "no hysteresis" refers 
to the cases where hystereses are much smaller than changes in threshold voltages due 
to the molecular effects. The largest hysteresis around the threshold voltage is -0.07 V, 
which is much smaller than those attributed to the molecular effects (usually larger than 
0.3 V). This new design may also decrease the BOX leakage due to the reduced 
silicon/BOX interface, which in turn could reduce the effect of interface traps and 
accordingly lead to a change in threshold voltage (FT). Unless stated otherwise, all the 
data reported here were collected using the devices with this new design. 
Molecular Grafting. The synthesis of compounds 1 and 2 were previously 
reported,31"33 and the synthesis of 1 is covered in detail in Section 5.1. 1 and 2 were 
chemically grafted onto the channel region of devices using the method reported 
previously.11'18'19'28 Before molecular grafting, the devices were etched in an Ar purged 
BOE (J. T. Baker, 10:1, CMOS grade) for 5 min to remove the oxide layer and form the 
H-terminated silicon surface (Si-H). The grafting process was carried out by exposing 
the freshly etched samples to a 0.5 mM solution of the diazonium salt (1 and 2) in 
anhydrous acetonitrile (CH3CN) in the dark under an inert atmosphere. The grafting 
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time relies on the molecule that was used and its concentration, which was carefully 
calibrated using p-Si shards (<100>) as controls so as to ensure that a molecular 
monolayer (not a multilayer) was being formed.1819 The typical grafting time was 45 
min for both 1 and 2. Molecular layer thicknesses were monitored using a single 
wavelength (632.8 nm laser) Gaertner Stokes ellipsometer with an incident angle of 
70°. X-ray photoelectron spectroscopy (XPS, PHI 5700 XPS/ESCA system) was used 
to ensure the molecules were directly grafted on the silicon surface. The ellipsometric 
and XPS results are not shown here since they were collected using silicon shards 
instead of devices. After molecular grafting, the samples were rinsed thoroughly with 
CH3CN to remove unreacted diazonium salt and physisorbed materials, and then dried 
with a N2 flow. 
Device Testing. The transfer and output characteristics of the devices were 
measured under a vacuum < 5 x 10"6 Torr using a semiconductor parameter analyzer 
(Agilent 4155C) and a probe station (Desert Cryogenics TTP4). The metal tips 
(ZN50R-25-BeCu, Desert Cryogenics) were softly probed directly onto the 
source/drain contacts via micro-manipulators. First, all devices were tested 
immediately after BOE etching and before molecular grafting. To get a freshly cleaned 
surface for molecular grafting, the devices were then subjected to a second short 
etching with BOE (30-60 s) and were transferred into the glovebox for grafting. A 
second DC I(V) measurement was carried out after the grafting. The devices with no 
molecules (H-terminated surface, Si-H) were prepared and tested as control samples. 
To study the influences from the second etching on the device behavior, the control 
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samples experienced the same treatment history as the devices, but without molecular 
attachment, and the DC I(V) measurements were carried out after each etching. Both 
molecular grafting and testing were done at room temperature (295 K). 
2.3.4 Results and Discussion 
Figure 2.3.2 presents the typical output characteristics of the devices for both p-
and n-channel devices. Shown here are the examples of the output characteristics of 
devices with a 450-nm-thick device layer when modified by 2 (-C6H4-NH2). A very 
similar I-Vbehavior was observed for all systems, though with different drain current 
(ID) values under the same drain-source bias (FDS) and gate bias (Vg). A conduction 
channel can be induced under the bias of Vos and Vg in the nearly intrinsic p-Si device 
layer adjacent to the gate dielectric buried oxide (BOX) layer. The body current, if 
present, is ignored because the resistivity of device body is larger than 2000 Q, cm. The 
p-channel devices are increasingly conductive with increasingly negative gate bias 
because the charge carriers are holes, while n-channel devices are increasingly 
conductive with increasingly positive gate bias due to the inversion conduction. For a 
given Vg, In increases as FDS increases for both p- and n-channel devices. It saturates 
when VDS is at a value sufficiently large (Figure 2.3.2), i.e., approaching the voltage 
difference between the gate bias and the threshold voltage. This means that such a 
pseudo-MOSFET structure can produce pure MOSFET-like characteristics, which 
agrees with a previous report.34 Although not the optimal design for large-scale 
fabrication, such a pseudo-MOSFET serves as a proof-of-concept device for 
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performance modulation by monolayer molecular grafting, obviating more rigorous 
designs for grafting within top-gated configurations. 
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Figure 2.3.2. Representative output characteristics of the devices modified by 2 
(-C6H4-NH2). (A) p- and (B) n-channel conduction with a 450-nm-thick device layer. 
The dashed line indicates the locus of saturation /D versus saturation FDS- Inset of (A) is 
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the semi-log plot of the output characteristics using the absolute value of Iu under Vg 
values of 0, -1, -2, and -3 V for the p-channel device. 
Representative transfer characteristics of the devices before and after 
monolayer attachment of different molecules (1 and 2) are shown in Figure 2.3.3 for 
both p- and n-channel devices with a 450-nm-thick device layer. It is assumed that there 
are no short- or narrow-channel effects since both the length and width of the device 
channel are 100 um. When V% is larger than the threshold voltage (FT), /D increases as 
the Vg increases at a given FDs. All the data have been collected under both forward and 
reverse biases and no hystereses have been observed. This means that, compared with 
the previously reported data,19 the devices with new design exhibit much less parasitic 
current, such as lateral leakage. Under the same Vg and VDS, ID decreases after the 
molecular attachment for both compounds 1 and 2 (Figure 2.3.3); however, it is 
difficult to compare the amplitude of this decrease amongst the onset of significant ID 
between devices, which is important for MOSFETs. Thus, Vj rather than ID is discussed 
in detail for the study of the molecular effects. 
131 
V (V) 
g v ' 
0 -2 -4 -6 0 2 4 6 
-5.0x10* 
^.0x10* 
-3.0x10"6 
-2.0x10* 
-1.0x10* 
< , 0.0 
" -P -5.0x10* 
-4.0x10* 
-3.0x10* 
-2.0x10* 
-1.0x10* 
0.0 
0 -2 -4 -6 0 2 4 6 
F (V) 
Figure 2.3.3. Transfer characteristics of the four types of devices under forward bias 
with an applied FDS (-8 V for p-channel and 8 V for n-channel) before (solid, black) and 
after (dashed, red) the attachment of different molecular monolayers. The device layer 
is 450-nm-thick. Data shown here are the respective average values of 13 (1, p), 14 (2, 
p), 10(1, n), and 10 (2, n) devices on one chip. 
Threshold voltage is a fundamental parameter for MOSFET characterization 
and modeling. For an inversion-conduction device it can be understood as the gate 
voltage value at which the transition between weak and strong inversion occurs in the 
MOSFET channel, corresponding to the onset of a significant 7D- When the gate voltage 
is at FT, the surface potential (0$) in the semiconductor below the gate oxide is given by 
Eql . 
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®s = 2®F = H-) ~ H—) (1) 
q n, q n, 
where 0F is the Fermi potential, q the magnitude of electronic charge, k the 
Boltzmann's constant, T the temperature, p the hole density, «, the intrinsic carrier 
density, and NA the acceptor doping density. For a p-Si film, 0s is positive in inversion 
and negative in accumulation. This definition is based on equating the surface minority 
carrier density to the majority carrier density in the neutral bulk, i.e., w(surface) = 
p(bulk). Thus, for our large-geometry n-channel devices on uniformly doped substrates 
with no short- or narrow-channel effects, when measured from gate to source, the 
threshold voltage (Vjjnv) is defined as the gate bias beyond the flatband voltage (FFB) 
(just starting to induce an inversion charge sheet), and is given by the sum of voltages 
across the silicon (2&y) and the oxide layer (Eq 2).35"40 At the accumulation threshold, 
the surface potential is essentially zero (flatband), and the threshold voltage (FT,ACC) is 
given by Eq 3, which also roughly corresponds to the onset of a significant drain 
current.35"40 PFB° is the work-function difference between the gate material and device 
silicon, Cox is the oxide capacitance, Qi includes the fixed and trapped charges in BOX 
and the mobile charges at the front interface (BOX/silicon device layer), Q2 includes all 
the charges at the back interface (molecule/silicon device layer) except back interface 
states (Qui), Qui is the front interface states, fo is the film thickness of the silicon device 
layer, and C&- is the capacitance of the silicon device layer. The interfaces at the 
air/molecule and BOX/silicon handle layers as well as the possible depletion of the 
silicon handle layer are not considered as they are second order effects.41 
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The equations used for determination of Vj for our pseudo-MOSFETs are 
different from those for standard FETs. This is because two interfaces (front and back) 
should be considered in our pseudo-MOSFETs, instead of only one for standard FETs. 
The contributions from the front and back interfaces to Vj have been manifested by the 
last two terms in Eqs 2 and 3, respectively. Assuming Q2 and Qit2 are zero, Eqs 2 and 3 
give rise to Vj for standard n- and p-channel FETs, respectively. V-\ is defined as being 
equal to FFB (i.e., V°B -g , ICox) for a standard p-channel FET (accumulation). Qm also 
contributes to FFB and should be included in Qi\ however, it is ignored here based on 
the assumption that Qi is much larger than Qitl. 
Vj can be extracted from the ID measurement by many methods. The same 
trends for the Vj shift upon molecular grafting have been observed using different 
extraction methods, though the extracted Vj values are slightly different. Therefore, 
unless stated otherwise, the reported Vj values are extracted from the V% axis intercept 
of the /D,sat°5-Pg characteristics, linearly extrapolated, which is based on the device 
operation in the saturation region.38^0 To minimize the influence of the source and 
drain parasitic series resistance and the channel mobility degradation on the resulting 
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value of the extracted FT, the extrapolation has been done at its maximum first 
derivative point (i.e., maximum slope).38'39 
Table 2.3.1 shows the Vj values of the devices extracted from the forward scan 
before and after monolayer molecular grafting. For p-channel devices, regardless of 
molecular grafting and the thickness of the device layer, Vj is always negative in value. 
It becomes more negative after grafting 1 (-C6H4-NO2) for all the devices with 450-nm 
and 4.92-um-thick active layers, and even more negative after grafting 2 (-C6H4-NH2) 
(Figure 2.3.4a). For n-channel devices, VT is sometimes positive and sometimes 
negative. The n-channel devices shown in Table 2.3.1 are only those with positive Vj. 
For 450 nm n-channel devices, Vj becomes more positive after grafting 2 and even 
more positive after grafting 1 (Figure 2.3.4a). If Vj is negative, it shifts to a positive 
value or sometimes less negative after grafting 1 or 2, for which the shift amplitude may 
reach 1 V or even larger (data not shown here). For control samples (Si-H), Vj changes 
slightly (typically < 0.1 V) from the first to the second etching. This supports our 
assertion that the V-x shift in the devices is not caused by etching but by the molecular 
grafting on the channel region, which tracks directly with the electron donor ability of 
the grafted molecules 1 and 2. In other words, for n-channel devices, Vj shifts to the 
positive direction along the V-x axis by grafting both 1 and 2, and to the negative 
direction for p-channel devices (Figure 2.3.4b). The change in conductivity, and 
thereby ID, relates to the absolute value of VT before and after grafting. The larger the 
absolute value of Vj, the lower are the channel conductivity and ID in linear region. 
Therefore, the channel conductivity of a MOSFET can be modulated by monolayer 
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molecular grafting. For 4.92 urn n-channel devices, however, the molecular effects are 
hardly noticeable because the AVT values upon molecular grafting for both 1 and 2 are 
very close to those for the control. 
The value of Vj can be calculated using Eqs 2 and 3. For both p- and n-channel 
devices reported here, 2&y is 0.338 V calculated using Eq 1 and FFB° is 0.123 V 
according to the work-function difference between the handle (gate) and device silicon 
layer. The value and sign of Vj is determined by all the parameters in Eq 2 or 3, among 
which Cox, Csi, N\, and fo are positive in value, while Qi, Q2, Qui, and Qit2 can be 
either positive or negative. Except Cox, all other parameters may be different between 
devices. This explains why Vj is sometimes negative and sometimes positive. For a 
particular device, Cox, C%\, and t%\ are the same before and after molecular grafting. 
Assuming no change in Qi (the fixed and trapped charges in the BOX and the mobile 
charges at the front interface), according to Eqs 2 and 3, the Vj shift upon molecular 
grafting will be caused mainly by the changes in NA and the front and back interface 
states {Qui and Qui), as well as the change in Q2 (such as mobile charges and/or charges 
residing at the back interface). The changes in Q2 and Qit2 upon molecular grafting are 
obvious because the hydrogen adatoms are replaced by molecules upon grafting. 
Therefore, one would assume that Qta increases upon molecular grafting, while Q2 
could decrease or increase; however, this needs further study. The changes in NA and 
Qui will be discussed later. 
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Device Thickness 
and Conduction 
Channel 
P 
450 nm 
n 
P 
4.92 nm 
n 
Device Thickness 
and Conduction 
Channel 
P 
450 nm 
n 
P 
4.92 urn 
n 
FT,B 
-2.42 ± 0.26 
0.80 ±0.14 
-3.64 ±0.11 
0.49 ± 0.06 
FT,B 
-2.59 ± 0.46 
0.27 ±0.12 
-4.50 ±0.16 
0.53 ± 0.02 
Si-C6H4-NH2 
Vj,A 
-2.80 ± 0.29 
1.21 ±0.07 
-4.25 ±0.14 
0.56 ±0.03 
Si-C6H4-N02 
VT,Ab 
-2.88 ±0.38 
0.83 ±0.11 
-4.84 ±0.17 
0.60 ± 0.06 
AVT 
-0.38 ± 0.08 
0.41 ±0.08 
-0.61 ±0.14 
0.07 ±0.04 
AFTC 
-0.29 ±0.15 
0.56 ±0.06 
-0.35 ±0.13 
0.07 ± 0.06 
Table 2.3.1. Extracted Vj values and the resulting changes upon molecular grafting 
(Unit: V). For 450 nm devices, Vj is derived from data shown in Figure 2.3.3. For 4.92 
(Am devices, it is the respective average value of 8 (1, p), 12 (2, p), 6 (1, n), and 10 (2, n) 
devices on one chip. 
a
 before molecular grafting, b after grafting, 
c
 change in Vj before and after grafting where AFT = FT,A - ^T,B-
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Figure 2.3.4. FT shift upon molecular grafting. (A) Representative AVT extracted from 
Ixr-Vg characteristics; the black solid is for a 450-nm-thick device layer and the red 
open for 4.92 urn, with (• and o) for p-channel devices and (• and •) for n-channel. 
Data shown here are from Table 2.3.1. The vertical bars indicate standard deviations for 
each set of the tested devices. (B) Vj shift direction upon molecular grafting for 
different conduction modes. 
Here we have used gating and charge-transfer effects (rather than dipole effects) 
to describe the observed molecular device modulation, which is more suitable for 
semiconductor-based devices. Specifically, we define the charge-transfer effect as 
being induced by the charges transferred between the molecules and the channel region 
during grafting due to the formation of Si-C bonds as well as the charge redistribution 
caused by the dipole-dipole interactions. The gating effect is due to the presence of a 
dipole layer on the surface after grafting, which may behave as a top gate. The dipole 
effect includes both the charge redistribution and the gating effect. 
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From a device perspective, a dipole layer is formed on the surface after molecular 
grafting, which can create a uniform electrostatic potential drop across the molecular 
layer if the distance between two molecules in the layer is smaller than the length of the 
dipole, and the size of the 2D molecular domains is much larger than the dipole 
length.17 The polarity and amplitude are controlled by the dipole moment, molecular 
coverage, and tilt angle of the grafted molecules. Grafting 1 (-C6H4-NO2) will lead to a 
positive dipole (here the sign of the molecular dipole is arbitrarily chosen to be positive 
if its negative pole points away from the surface after grafting), and a negative dipole 
for 2 (-C6H4-NH2). This potential drop can be a fraction of one volt17 and can produce 
effects similar to those induced by a gate bias in a standard metal-semiconductor FET 
(MESFET). Similar to a positive top-gate bias, an iminium end group (=NH2+, negative 
dipole after resonance donation) can act as a gate that accumulates negative charges at 
the surface, while a nitronate end group (=N02~, positive dipole after resonance 
accepting) acts as a negative top-gate bias that accumulates positive charges at the 
surface (Figure 2.3.5). Hence, grafting 1 favors hole conduction (accumulation), but 
does not favor electron conduction (inversion), and vice versa for 2. This can explain 
why grafting 1 to n-channel devices leads to a higher AFT than 2 and a lower AFT when 
grafted to p-channel devices. However, this simple top-gate-like model cannot explain 
why 1 and 2 have the same molecular effects on the same conduction channel since they 
exhibit the opposite dipole polarity, though with different amplitude. But this 
mechanism does work for the situation where the gate-like effect can reach the 
conduction channel; while it may not always be valid for the back-gated 
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pseudo-MOSFETs since molecules are grafted at the surface, away from the front 
BOX/silicon interface. In addition, it is argued that no image charge potential exists on 
the substrate since the electrostatic field is confined within the layer.17 
N 
Si 
Surface-grafted 1 
B 
Surface-grafted 2 
Figure 2.3.5. Surface-grafted molecules and their resonance forms. (A) Grafted 1 and 
its resonance form showing the accumulation of positive charge at the surface and the 
direction of the resulting surface dipole moment (arrow at right). (B) Grafted 2 and its 
resonance form showing the accumulation of negative charge at the surface and the 
direction of the resulting surface dipole moment (arrow at right). 
From a charge perspective, the fact that grafting molecular monolayers onto the 
channel region of the pseudo-MOSFET can change its conductivity is mildly analogous 
to that of impurity doping. The acceptor-like monolayer enhances accumulation 
conduction (p-channel), while the donor-like monolayer enhances inversion 
conduction (n-channel). The designation of acceptor and donor for the grafted 
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monolayer here is different from the conventional concept for the end group of 1 
(-NO2) and 2 (-NH2), which is relative to a hydrogen atom at the para-position of a 
phenyl ring, relative to the Si-C bond (-NO2 as acceptor and -NH2 as donor). Here the 
grafted molecule is considered one functional group that donates/withdraws electrons 
to/from silicon, relative to the control with hydrogen adatoms on the silicon surface. 
We suggest that both 1 and 2 will act as electron donors when they are grafted onto the 
p-channel device layer because the molecules are more electron rich than the p-channel 
(hole reservoir), while they will act as electron acceptors when they are grafted onto the 
n-channel because they are more electron deficient than the n-channel (electron 
reservoir). 
The doping-like effect is closely related to the charge transfer and distribution. 
Si-C bonds are formed between the aryl ring and silicon during grafting. The 
hybridization between silicon and grafted molecules makes it possible to transfer 
charges to and from the silicon device layer because the ji-electron cloud from the aryl 
system is in close interaction with the silicon surface. The charge transfer may lead to a 
change in the doping level. Assuming all the dopants are ionized since the device layer 
is nearly intrinsic36"38 and that the doping is uniform, NA is approximately equal to the 
dopant density before grafting (6.65 x 1012 cm"3, or 3.0 x 108 and 3.3 x 109 cm"2 for the 
450-nm and 4.92-um device layer, respectively). Here the depletion caused by the 
interface states is not considered, which also plays a role in the conductivity due to the 
low doping density. Using a simple capacitor model and assuming Vj is due to the 
oxide charges on one side of a capacitor, a 0.1 V change corresponds to 2.16 x 109 
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charges cm"2 according to the value of Cox (3.45 x 10"9 F cm"2), which is larger than or 
comparable to the NA before grafting. Because the device layer is p-Si, the doping level 
increases for n-channel (inversion) upon grafting because the attached molecules 
behave like acceptors, which will decrease FFB° while increase the other two terms in 
Eq 2 (0p and ]VA). Consequently, FT increases (more positive) because the resultant 
decrease in FFB° is less than the increase in !&?. This agrees with our experimental 
results. For p-channel (accumulation), however, the doping level decreases upon 
grafting because the attached molecules behave like donors, which will increase FFB° 
and thereby make V? shift to a less negative value (Eq 3). This is opposite to what we 
observed. Hence, the charge transfer must play other roles that can lead to the observed 
results. 
The surface work function (WF) of silicon at the back interface can be tuned by 
monolayer molecular grafting,18 which in turn has an impact on the device properties. 
The WF depends on the electron affinity (EA), surface band bending (VBB), molecular 
coverage at the back interface and the molecular tilt relative to the surface normal. EA 
directly relates to the dipole moment of the molecules attached to the surface, which is 
different for the close-packed molecules as a dipole layer from those of a collection of 
isolated dipoles.17'42 This is because cooperative effects induce charge redistribution 
upon monolayer formation, which includes the charge transfer between the grafted 
molecules and channel silicon as well as the intramolecular charge reorganization. The 
density of transferred charge depends on the original dipole moment of the grafted 
molecules. Vm is governed by the net surface states/traps, i.e., by the density and 
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energy distribution of the surface charges, which is closely related to the charge transfer 
between the silicon device layer and grafted molecules. Besides the charge 
redistribution induced by the dipole layer, the charge transfer also stems from the 
formation of Si-C bonds, for which the amount of transferred charge depends on the 
alignment of energy levels of the channel silicon and grafted molecules. 
The higher the FBB, the stronger is the depletion layer on the surface. We have 
reported that,18 compared with the silicon modified by 2 (-C6H4-NH2), silicon modified 
by 1 (-C6H4-NO2) has a lower VBQ (depletion) for un-gated p-Si (positive surface 
charge), and a higher FBB (depletion) for un-gated n-Si substrates (negative surface 
charge). At both front and back interfaces of pseudo-MOSFETs, the surface potential is 
positive for the fully depleted inversion mode of the p-Si device layer (n-channel) and 
is negative for the fully depleted accumulation mode of the p-Si device layer 
(p-channel). Hence, grafting 1 and 2 will cause depletion at the back interface, which 
can partly cancel the accumulation or inversion conduction, resulting in a reduced 
channel conductivity. The difference between 1 and 2 is due to the difference in the 
electron donating capability of the functional end groups. Compound 2 has a higher 
density of the Ji-electron cloud due to -NH2 and is thereby more efficient as an electron 
donor, while 1 has a lower density of the Ji-electron cloud due to -NO2 and, 
accordingly, is more efficient as an electron acceptor. Hence, for p-channel devices, 
grafting 2 leads to a larger shift in Vj than grafting 1, while a smaller shift for 
n-channel. 
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Whether or not the influences of the molecular layer attached at the back 
interface can reach the conduction channel adjacent to the front interface via a thick 
silicon device layer is determined by the penetration depth of the surface band bending, 
i.e., by the Debye length (XD), as well as by the inversion or accumulation layer width. 
ID is the characteristic length of a semiconductor over which the carrier density 
changes by a factor of e and is given by Eq 4, where er is the dielectric constant of 
channel silicon, and eo is the permittivity of free space. For a doping level of 6.65* 1012 
cm"3, ZD is about 1.13 um. Hence, the exponential transfer factor is around 0.6 for a 
450-nm device layer, implying that 60% of band bending at the back interface is 
transmitted to the front interface and therefore, regardless of the conduction type (p or 
n), the channel conductivity can be modulated by this back surface band bending. For 
accumulation conduction (p-channel), the accumulation layer width (WACC) is given by 
Eq 5,43 which is strongly dependent on the surface potential and the carrier density. 
Given 0S is -0.08 V, it is about 5.90 um. This means that in the accumulation mode the 
active layer can also be fully depleted. Hence, this accumulation region can overlap 
with the depletion caused by the molecular layer even for a 4.92-um thick device layer, 
leading to the molecular modulation on the channel conductivity. For 4.92-um 
n-channel devices, 1.13 um of ID means a penetration of surface band bending up to 
23% of the device layer from the back interface. Thus, there is no overlapping between 
the back surface space charge region and the inversion (only several nanometers wide 
adjacent to the front interface), resulting in no observable molecular effects (Table 
2.3.1). Here the overlap between ID and depletion in the inversion mode does not have 
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an observable impact on the channel conductivity, because the conduction channel 
locates in the inversion region instead of the depletion region. 
L _ \srE0kT/ D
~i /q2NA (4) 
^ = ^ [ e x P ( ^ ) - l ] ^ e x P ( ^ ) - l ] ^ ^ (5) 
The band bending at the back interface (molecule/silicon device layer) has an 
impact on the front interface (BOX/silicon device layer), which can be demonstrated by 
the change in the front interface trap states (A(9iti). AOiti can be derived approximately 
by using the subthreshold swing (<S),35'44'45 which by definition is the gate voltage 
necessary to change the In by one decade (Eq 6). S tells how sharply the current changes 
with gate bias. For n-channel devices, S is related to the slope of logCfo) versus Vg for 
FDS » kTlq when the device operation is in weak inversion (Eq 7, where Eia is the field 
at the front interface).41 For p-channel devices, this classical subthreshold slope 
expression can still be used as an approximation though there is no inversion.45 Given 
that the dielectric constant of silicon is 11.9, Csi is calculated to be 2.34 x 10"8 and 2.14 
x 10"9 F cm"2 for a 450 -nm and 4.92-um device layer, respectively. Assuming qlkT is 
larger than lAEjtifci,35 Eq 7 can be simplified as Eq 8. Given that the distribution of 
interface states is uniform along the channel, the change in Qm upon grafting (Agin) 
can be given by Eq 9, where SB and SA is the value before and after grafting, 
respectively. The values of S and Qm before and after molecular grafting and the 
resultant AQm are shown in Table 2.3.2. The extraction of S should be performed 
extremely carefully since a very small change can lead to a large difference in Qm. For 
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instance, a change of 0.01 in S corresponds to a shift of 0.60 x 1010 cm"2 eV"1 in Qm (Eq 
8). 
S 5 ( h , 0 ) i <« LD 
5 = - ^ = (lnl0)(^--ir)-1(l + ^ ^ ) (7) 
Slope kT EintSl Cox 
^
 = - J - ^ ( l n l O ) ^ ( l + C ^ ^ ' ) (8) 
Slope q Lox 
A:i(lnl0) 
Here both the Qn\ and AQm are the mean values calculated from the individual 
S value of each device on the same die using Eqs 8 and 9, respectively, instead of 
directly using the mean values of S or a direct subtraction of Qti,A from 2iti,B- All these 
methods give the same values of AQM. The derived values of 5" (hundreds of mV 
Decade"1) deviate greatly from the ideal value (~ 60 mV Decade"1). This is caused by 
the non-ideal design of our pseudo-MOSFETs, in which the bulk capacitance and/or 
interface trap capacitance is larger than the oxide capacitance (Eqs 7 and 8). The 
relatively high FDS for saturation operation may also contribute to this deviation. 
Another error comes from the neglect of l/£jufsi m Eq 1 since qlkT may be not large 
enough. Furthermore, because Em is unknown, and even at the same bias En\ can be 
different before and after molecular grafting (due to the changes in the surface potential 
at both front and back interfaces), no definite conclusions should be made about the 
increase or decrease of Qm upon molecular grafting. Nevertheless, the observed change 
in S upon molecular grafting is still an indicator for the change in Qiti. 
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Device Si-CgH4-NH2 
Thickness / 
Conduction Qnp Qit,A Agit 
Channel B A (xlO11) (xlO11) (xlO11) 
p 1.57±0.26 1.32±0.20 4.01±0.94 3.09±0.73 -0.92±0.34 
450 nm 
n 
P 
4.92 urn 
n-
P 
n 
1.45±0.14 1.09±0.04 3.56±0.50 2.25±0.15 -1.31±0.44 
2.09±0.37 1.31±0.14 5.88±1.34 3.05±0.51 -2.83±1.13 
1.46±0.13 0.827±0.035 3.61±0.48 1.31±0.13 -2.29±0.46 
Device Si-C6H4-N02 
Thickness / 
Conduction QU,B QH,A &QA 
c c 
Channel (xlO11) (xlO11) (xlO11) 
I P 
n 
1.56±0.39 1.42±0.23 3.98±1.42 3.47±0.94 -1.17±1.48 
1.48±0.18 1.04 ±0.05 3.67±0.67 2.07±0.19 -1.59±0.56 
0.889±0.067 0.961±0.065 1.54±0.24 1.80±0.24 0.26±0.12 
0.295±0.061 0.177±0.021 -0.61±0.22 -1.04±0.77 -0.43±0.25 
Table 2.3.2. Representative values of S, Qui, and corresponding AQM upon molecular 
grafting, derived from the same data sets as shown in Table 2.3.1. Unit for S and Q\x\ is 
V Decade"1 and cm"2 eV"1, respectively. 
Calculated using Eq 8 and Calculated using Eq 9 
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2.3.5 Conclusion 
We have demonstrated that for n-channel devices, Vj shifts toward the positive 
direction along the Vj axis after monolayer molecular grafting and to the negative 
direction for p-channel devices. Compared with grafting 2 (-C6H4-NH2), grafting 1 
(-C6H4-NO2) leads to a less Vj shift for p-channel devices and a larger shift for 
n-channel. Although the reported V7 shifts to a larger absolute value upon grafting, we 
envision that it is possible for it to shift to a lesser value if the molecules with suitable 
energy levels and dipole moments are available19 since they determine the amount and 
direction of charge transfer. Even with the absence of a dipole layer, a submonolayer 
might play a similar role. In addition, the molecular grafting can lead to the passivation 
of the silicon surface, which can protect the surface from re-oxidation and 
contamination and thereby avoid the degradation of device characteristics. Hence, the 
results and discussions presented here pave the way for understanding and modulating 
charge transport in future ultra-small devices. 
This work was published in the Journal of the American Chemical Society?6 
2.3.6 Contributions 
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Chapter 3 
"Through-Molecule" Molecular Electronics Studies on Silicon 
154 
3.1 Two-Terminal Molecular Memories from Solution-Deposited C60 Films 
in Vertical Si Nanogaps 
3.1.1 Section Abstract 
We demonstrate here two-terminal, charge-based memory from C6o films inside of 
vertical 7 nm silicon nanogap devices. This testbed structure eliminated the possibility of 
metal migration in the nanostructure because the two electrodes are made solely of 
silicon; hence the often troublesome and confusing possibility of filamentary metal 
formation is obviated. Saturated solutions of C6o in toluene, mesitylene, and 1-
methylnaphthalene were each used to deposit these films at elevated temperatures. 
Electrical I-V measurements reveal a high yield (67%) of devices demonstrating bipolar, 
switchable hysteresis from both the mesitylene and 1-methylnapthalene-deposited 
devices, while the toluene-grafted devices display no such behavior. Pulse-based memory 
measurements of switching devices indicate high ON:OFF ratios (maximum -1500), 
good stability (>100 cycles without device degradation) for molecular devices, and low 
operating currents (~10"u A) in room temperature testing. 
3.1.2 Introduction 
Molecular electronics seeks to exploit the unique capability of molecular orbitals 
to modulate the transport of carriers in diminutive device structures. By combining 
bottom-up synthesis of molecular electrical elements with strategic molecular grafting 
techniques to larger silicon device structures, a practical fabrication methodology is 
sought. While molecules are thought to represent the pinnacle of density and power 
efficiency possible for electronic devices, issues with stability, speed, and reliability have 
remained challenges to the molecular electronics endeavor and have retarded their 
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practicality in devices. Despite these challenges, the desire to extend Moore's law into 
future decades has sustained scientific interest in the field. 
In general, molecular electronics pursuits can be categorized into two general 
strategies: (a) those which pass current through the substrate whose transport properties 
are tuned by a surface molecular layer, and (b) those which pass current through 
molecular layers or individual molecules. Our recent surface grafting experiments2'3 are 
good examples of the former, in which molecular monolayers are grafted onto silicon 
FET channel-regions to adjust their threshold voltages. The latter through-molecule 
strategy has been employed in several memory devices with moderate successes from 
molecules assembled between metallic electrodes,4"7 leading to two-terminal, molecular 
memory devices. While these are scientifically interesting, the stability and resilience of 
these systems limit their utility. 
For molecular electronic studies, the use of metal electrodes offers advantages in 
ease of device fabrication and often allows for densely packed monolayers via 
thermodynamically controlled molecular self-assembly, as is the case with the 
Q 
prototypical thiol/gold system. However, issues with metal migration and filament 
formation complicate the utility of metal electrodes, and this becomes exacerbated at the 
very short electrode gap distances needed to contact molecules.9"11 This motivated the 
investigations here into fully nonmetallic electrodes to obviate the metal migration issue 
which are common when several volts are applied across nanometer-sized electrode 
gaps. Such migration issues mask and confuse molecular switching effects. Silicon's 
well-established manufacturing and characterization techniques make it an appealing 
design platform. However, despite its appeal, silicon lacks a molecular self-assembly 
156 
protocol that is thermodynamically controlled, therefore, different strategies must be 
employed to apply the kinetically-controlled molecular grafting through, for example, 
diazonium grafting and hydrosilylation.13,14 
Our first attempt toward a metal-free, silicon-based design was the two-terminal 
molepore test-bed, which utilized nanotubes as the top contact for molecules grafted onto 
a silicon substrate via diazonium salt grafting;15 however, the nanotube/molecule 
interface added an additional component to the system that complicated interpretation of 
electrical results. We had also previously produced a metal-free, two-terminal, silicon-
based nanogap vehicle for determining the electrical properties of embedded molecular 
species between vertical silicon electrodes that were nanometers apart; however, our 
initial application of the design used metallic nanoparticles to bridge molecular layers 
grafted onto each electrode, and was therefore not truly metal-free.16 
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Figure 3.1.1. Silicon nanogap device structure. (A) SEM image of the nanogap devices 
from a top view that does not reveal the active region between the silicon electrodes. (B) 
A schematic of a pristine device, the device after etching, and the device after C6o 
deposition. The C6o film fills the gap formed in the 7 nm SiC>2 (yellow) layer between the 
top, polysilicon electrode and the bottom, silicon electrode (blue). 
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In these one-dimensional nanogap devices,16 shown in Figure 3.1.1, the gap 
structure consists of silicon top and bottom electrodes separated by a SiC>2 dielectric 
layer. After etching, this insulating layer is partially removed and the exposed silicon 
surfaces are hydrogen-passivated, which provides a surface that is reactive toward 
various molecular grafting techniques, including diazonium salt grafting13 and 
hydrosilylation.14 This allows for a Si/molecular film/Si sandwich structure in which the 
molecules may be added at a later stage in device fabrication, circumventing common 
problems with molecular stability under the high-temperature conditions necessary for 
solid-state device fabrication. Additionally, this late-stage grafting approach produces a 
structure in which the molecular film is not the structural support for the top electrode, 
nor is the quality of the top electrode limited by the quality of the film. This is the case 
for many metal/molecule/metal and metal/molecule/semiconductor sandwich structures, 
where the top electrode is deposited atop the molecular layer and film defects result in 
pin-hole shorts and device failure.12 
In selecting a species to graft into the nanogap in pursuit of a metal-free, 
molecular memory, a candidate was selected that had appropriate chemical and electrical 
stability, known chemistry for surface film formation and attachment, a potential to 
aggregate upon drying, and the potential for bias-driven switching behavior. Fullerenes 
have demonstrated interesting electrical behavior in solution and on surfaces,17"19 and are 
good candidates for charge storage within organic polymers.20 In addition to being one of 
the most studied molecules in the molecular electronics literature, C6o exhibits much of 
the thermal and chemical stability of its larger carbon nanostructured cousins, carbon 
nanotubes and graphene, but its well-defined integral structure results in an inherently 
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more homogenous material, lacking the polydispersity and inevitable structural defects 
introduced in the preparation and purification of larger dimensional carbon structures. 
When constructing electronic devices from C60 films, covalent attachment or 
physisorption of C6o directly to the electrode minimizes the distance and therefore, poses 
some advantage over the use of tethers by reducing the barrier for electron tunneling 
and charge injection from the substrate since there is no molecular alligator clip, which is 
often the predominant transport barrier in the device structure. Here we report a facile 
method for solution-based deposition of C6o films directly onto hydrogen-passivated, 
Si( l l l ) surfaces, and into hydrogen-passivated 7 nm silicon nanogap devices. Electrical 
measurements of the resulting nanogap devices reveal room temperature reliable (from a 
molecular electronics perspective) memory behavior with high ON:OFF ratio and good 
stability. 
3.1.3 Experimental 
All solvents were distilled and argon degassed prior to use. Toluene was distilled 
over CaH2. 1-Methylnaphthalene was distilled over CaH2 under reduced pressure. 
Mesitylene was distilled over molten sodium. All glassware was oven-dried or flame-
dried prior to use. Buffered-oxide etch (BOE, 6:1) was CMOS grade from J. T. Baker, 
and was degassed at least 30 min with argon prior to use. C6o was purchased from MTD 
and used with no further purification. 
Ellipsometry. Cgo film thicknesses were measured with a single-wavelength 
(632.8-nm laser) LSE Stokes ellipsometer (Gaertner Scientific) with an incident angle of 
70°. Ellipsometric characterizations were carried out before and immediately after film 
preparation. The surface thickness was modeled as a single adsorbing layer atop an 
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infinitely thick substrate. The index of refraction (nf) was set at 1.46. The reported 
thickness is the average value of five measurements from different locations of the 
sample's surface. 
X-ray Photoelectron Spectroscopy (XPS). XPS data were collected at room 
temperature under ultrahigh vacuum (~10"9 Torr) using a PHI 5700 XPS/ESCA system 
(PHI Quantera SXM Scanning X-ray Microprobe) equipped with a monochromatic Al Ka 
light source (1486.6 eV) using a takeoff angle of 45°. The analytical spot size for all 
measurements was 0.10 mm x 0.10 mm. Measurements were performed with a pass 
energy of 6.5 eV. Data analysis was performed using the MultiPak Spectrum software, 
V7.01. 
Solution-based Deposition of Ceo films. Films were deposited from saturated 
C6o solutions at different temperatures in three aromatic solvents: toluene, mesitylene, 
and 1 -methylnaphthalene (Table 1). Si(lll)-H shards were included with the nanogap 
device chips in each deposition run to allow for analysis by ellipsometry and XPS. 
Solvent Deposition Temp. C6o Concentration22 Film Thickness 
toluene 170 °C 2.8 mg/mL 4.8 nm 
mesitylene 190 °C 1.5 mg/mL 4.2 nm 
1-methylnaphthalene 260 °C 33 mg/mL 4.2 nm 
Table 3.1.1. Grafting temperature, C6o loading, and film thicknesses on Si(lll)-H 
substrates based on ellipsometry measurements after grafting for 2 d. 
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The devices and substrates were both etched in argon-degassed, BOE (6:1) for 2 
min, then brought into an N2 glove box and heated to 120 °C for 5 min to ensure dryness. 
A screw-cap pressure tube was charged with C60 and freshly distilled solvent, and then 
was mildly sonicated for 30 min as argon was bubbled through the solution. The pressure 
tube was then brought into the glove box and the devices and substrates were sealed 
inside. The pressure tube was then removed from the glove box and then placed in an oil 
or sand bath, which was then covered with aluminum foil and heated at the deposition 
temperature for 2 d. After cooling, the samples were removed, thoroughly rinsed with 
toluene, and then dried under a stream of N2. 
Device testing. The electrical characteristics of the devices were measured under 
vacuum (< 7x 10"4 Torr) using a semiconductor parameter analyzer (Agilent 4155C) and a 
probe station (Desert Cryogenics TTP4). The metal tips (ZN50R-25-BeCu, Desert 
Cryogenics) were probed directly onto the source/drain contacts using 
micromanipulators. Samples were placed under vacuum for at least 2 h before 
measurement. Measurements were made with an integration time of 640 us. Read 
operations during pulsed memory experiments were performed at the lower limit (1 (as 
pulse width, 2 us pulse period) of the device's pulse generator. 
3.1.4 Results 
The I-Vcurves shown in Figure 3.1.2 demonstrate the bipolar switching behavior 
of successfully grafted 7 nm nanogap devices. C6o-grafted nanogap devices demonstrated 
operating currents in the 10"11 A range, as well as switchable hysteresis behavior, 
possessing ON:OFF ratios from one to three orders of magnitude. These devices could be 
reliably switched into a higher conductivity state by a pulse or a sweep of the opposite 
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bias; the devices remained in this high-conductivity state until a sufficiently high bias 
was pulsed or swept, after which the device returned to a low-conductivity state. The 
device's ON-state was maintained as long as 12 h under vacuum, demonstrating 
relatively non-volatile memory behavior within this time-scale. However, the device's 
ON-state was quickly lost upon exposure to air, restricting device operation to the 
vacuum of the probe station. Of the measured devices, this switching behavior was 
observed for 67% of the mesitylene (6 out of 9) and 1-methylnapthalene (6 out of 9) 
grafted samples, but not for any of the toluene-grafted samples. 
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Figure 3.1.2. Typical I-V curves of switching silicon nanogap devices. (A) and (B) 
represent mesitylene-deposited devices; (C) and (D) 1-methylnaphthalene-deposited 
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devices. The red trace in each graph is the OFF-state of the device, prior to a sweep or 
pulse of the opposite bias. The blue trace in each graph is the ON-state for the device, 
after a sweep into the opposite bias direction, which follows a higher-conductivity path 
until the device is discharged at high bias, and returns to a low-conductivity OFF-state. 
The nanogap test chip includes control structures that are identical to the nanogap 
devices except that their oxide layer is protected by a layer of silicon nitride such that it 
cannot be etched; therefore, a nanogap cannot be formed.16 Electrical measurements of 
such control structures aid in the differentiation of effects that are due to the molecular 
film from those that are inherent to the device structure itself. For these control structures, 
the observed current is in the noise level (10" A) with no hysteresis or switching 
behavior observed. Further control experiments were performed to ensure the observed 
behavior was not a product of the nanogap alone. I-V measurements were performed on 
nanogap devices after only etching and drying and on devices that were exposed to the 
grafting conditions of solvent heating without C6o present. In both cases it was clear that 
the Cgo film provided device performance and stability, as many of these C6o-free devices 
experienced oxide break-down at or below ±6 V, resulting in higher currents, 
unpredictable hystereses, and no switching behavior. In contrast, C6o-grafted samples 
could often be measured with bias sweeps up to ±7 V and long (60 s) pulses at ±6 V 
without device degradation. Devices from both sets of control experiments that did not 
experience oxide break-down had currents in the noise level (10" A). 
The effects of heating the grafted devices were studied to determine if thermal 
annealing could improve the yield of switching devices. C6o-grafted nanogap devices 
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were annealed at 200 °C for 90 min, under argon, and then electrically characterized once 
again. The annealing process lowered the yield of switching devices for the mesitylene 
samples to 11%, and the 1-methylnapthalene samples to 44%. Annealing did nothing to 
activate switching in toluene samples. Similarly, cooling conditions were detrimental to 
the device structure. When devices were cooled to 100 K to determine if they could 
switch at cryogenic temperatures, the low temperatures physically altered the devices, all 
of which refused to switch either at low temperature or even after warming back to room 
temperature. 
Memory measurements were performed using a pulse program consisting of a 
pulse in the negative bias (-5 V for 20 s) to set the device into an ON-state, followed by 
five consecutive read operations (2.5 V for 1 us each), followed by an erase pulse (5 V 
for 20 s), and yet another five read operations (2.5 V for 1 us each). Figure 3.1.3 
demonstrates the stability of the device over 100 of these cycles without degradation, 
where the average observed ON:OFF ratio is about 15 using these read/write/erase 
conditions. For memory measurements of switching nanogap devices, in general, write 
times shorter than 5 s yielded inferior ON:OFF ratios, demonstrating that C6o-grafted 
nanogap devices required several seconds of applied bias to turn completely ON; 
however, write times longer than 20 s provided no significant increase in ON:OFF ratio 
upon reading. The maximum ON-currents measured were small (tens of pA) since they 
were restricted by the dimensions, interface barrier, and conductivity of the C6o thin-film 
grafted within the nanogap device. 
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Figure 3.1.3. Measured device current during read operations from 100 device cycles in 
which one cycle corresponds to one write (-5 V, 20 s), five reads (2.5 V, 1 us each), one 
erase (5 V, 20 s), and five reads (2.5 V, 1 us each). 
In order to improve the ON:OFF ratio for the switching nanogap devices, the 
effects of the read and write conditions on the device's ON-state were explored. As 
shown in Figure 3.1.3, repeated read operations performed after writing are slowly 
destructive to the ON-state; specifically, after writing the device to an ON-state, each 
successive read operation measures less ON-current than the previous operation until the 
device is rewritten and the ON-state is refreshed. The measured ON-currents of a 
nanogap memory device under various (Figure 3.1.4A) read biases and (Figure 3.1.4B) 
write times are presented. Each five-point data series represents the measured ON-current 
for five consecutive 1 us read operations. For Figure 3.1.4, a constant write bias of-6 V 
was used since it represented the largest bias that could be reliably applied to the device 
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for relatively long pulses (up to 60 s) without damaging the C6o-grafted devices. For each 
data series in Figure 3.1.4A, a -6 V write operation (not shown) was first performed for 
5 s to turn the device ON, after which the declining ON-current was repeatedly measured 
using different read biases. When a relatively high read bias was applied, the initial ON-
current was higher than that observed for lower read biases, but the decline of the ON-
current was steeper across repeated read operations. When a lower bias was employed for 
reading, the device's ON-current was initially lower, but the ON-current decline was not 
as steep during the repeated read operations. In Figure 3.1.4B, a -6 V write operation (not 
shown) was first performed for 5, 10, and 20 s to turn the devices ON, after which the 
ON-current was repeatedly measured using a constant read bias of 4 V. Here, when a 
longer write time was used, a higher initial ON-current was observed than for shorter 
write times, but the decline of the ON-current was steeper during the repeated read 
operations. When a shorter write time was used, a lower initial ON-current was observed, 
but the drop ON-current was not as sudden over repeated read operations. Therefore, at 
least at constant write bias and constant read time, there is a dependence of the decay of 
the ON-current during repeated read operations on the both read bias and the write time 
employed for measurement, as confirmed in the plots of the slopes of the lines in Figure 
3.1.4A vs. read bias (Figure 3.1.5A) and the slopes of the lines in Figure 3.1.4B vs. write 
time (Figures 3.1.5B). Hence, we selected values for read bias (4 V), write bias (-6 V), 
and write time (10 s) in order to improve the ON:OFF ratio of the nanogap devices, even 
for the fifth repeated read of a device's ON-state. Figure 3.1.6 shows 10 device cycles 
using these improved conditions, demonstrating a maximum ON:OFF ratio of about 
~1500, and a minimum ON:OFF ratio -900 by the fifth read operation. 
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Figure 3.1.4. Diminishing ON-state current for five consecutive 1 us read operations 
under varied read and write conditions. (A) After writing (-6 V for 5 s), the measured 
ON-current (pA) for the device across five consecutive read operations under different 
read bias (between 0.1 - 4.0 V). (B) After writing at -6 V for 5, 10, or 20 s, measured 
ON-current (pA) for the device across five consecutive (4V) read operations. 
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Figure 3.1.6. Read operations from 10 device cycles under improved conditions in which 
one cycle corresponds to one write (-6 V, 10 s), five reads (4 V, 1 us each), one erase 
(6 V, 10 s), and five reads (4 V, 1 jxs each). 
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3.1.5 Discussion 
C6o film formation for most surfaces in the vapor phase is thought to proceed by 
an initial physisorption to the surface through dipole interactions. If these van der Waals 
forces between the surface and the C6o are sufficiently weak to allow movement, the 
initial absorbates will migrate to small defects, such as steps and troughs, " then serve 
as nucleation sites as van der Waals forces between the fullerenes themselves encourage 
film formation. While metals often show this weaker physisorption/migration 
phenomenon, the strength of the interaction on silicon depends on the presence of silicon 
dangling bonds. If present, these reactive dangling bonds strongly physisorb and anchor 
C6o, preventing migration, quickly followed by chemisorption, resulting in one or more 
covalent Si-C bonds to the surface.28'29 If, however, these dangling silicon bonds are 
hydrogen-passivated, this interaction is weaker and migration is observed. Covalent 
attachment has also been observed from C60 in the vapor phase and from solvent-cast 
films of C6o on hydrogen-passivated silicon substrates at elevated temperatures by 
hydrosilylation, resulting in cleavage of the Si-H bond, formation of multiple Si-C bonds, 
and multiple reductions of the fullerene. To date, most methods for C60 film formation 
involve vapor-phase, epitaxial growth of C6o films on silicon substrates within high-
vacuum grafting chambers. In contrast, this work demonstrates the formation of thicker, 
multilayer C6o films on hydrogen-passivated silicon substrates during a heated, solvent-
based grafting. 
The electrical measurements indicated that the choice of deposition solvent played 
a role in the realization of switching behavior; mesitylene and 1-methylnaphthalene were 
capable of producing devices with switching behavior while toluene was not. However, it 
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is difficult to characterize the interfacial electronic states inside of a 7-nm nanogap device 
structure to experimentally determine the source of the switching behavior with certainty. 
To facilitate further study, C60 films were simultaneously solvent-grafted onto hydrogen-
passivated Si(l l l) surfaces to serve as macroscopic-scale analogs, allowing 
characterization that is not feasible within the miniscule confines of the nanogap device 
structures. The non-covalent interactions between C6o molecules within all of the solvent-
grafted films are dominated by the same non-covalent intermolecular attractive forces 
that dominate all C60 solids (produced and defined by the nature of the C6o structure 
itself), and therefore offer no basis for the differences in the electrical behavior of the 
films. In contrast, XPS Cls analysis of each of the solvent-grafted C6o films can 
determine the degree of C6o-Si and/or C60-C60 covalent bonding within each sample, 
allowing correlations to be made between the electrical properties and unique carbon 
bonding within the C60 films produced by each of the three grafting solvents. 
The C6o-grafted Si(l l l) surfaces were first analyzed by ellipsometry. Although 
there was no visible film on the silicon surface, ellipsometric analysis indicated that a 4.2 
nm film remained on the mesitylene- and 1-methylnapthalene-grafted samples, while the 
toluene-grafted surface possessed a slightly thicker film at 4.8 nm. Though the film 
thicknesses (Table 1) were smaller than the 7 nm polysilicon-silicon gap of the devices, 
the 2 d assembly time should proved sufficient to fill the SiC^-walled structure (Figure 
3.1.1). XPS Cls analyses of the C6o-grafted Si(l l l) surfaces (Figure 3.1.7) indicated a 
strong carbon signal for all samples. The toluene-grafted sample provided the strongest 
Cls signal, in agreement with the ellipsometry data. 
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To determine the relative contribution of the various components within the Cls 
signals, curve-fitting was performed on the Cls signal for each sample (Figure 3.1.7). 
Two clear features were observed that distinguish the toluene-grafted surface from the 
surfaces grafted using the other two solvents. First was the difference in the relative 
contribution of the Cls (282.5 eV) component for each sample, corresponding to an 
electron-rich Si-C species resulting from chemical bonding to the surface.31 The smallest 
relative Cls (282.5 eV) contribution, and therefore the lowest degree of Si-C6o covalent 
bonding to the surface, was observed for the 1-methylnaphthalene-grafted sample (1%), 
followed by the mesitylene-grafted surface (7%), while the toluene-grafted surface 
possessed the largest signal (17%). Second, both a broadened Cls signal and a 12% -
14% larger relative Cls (286.0 eV) contribution were observed for the mesitylene and 1-
methylnaphthalene-grafted samples when compared to the corresponding signals of the 
toluene-grafted sample. While oxidation of the C6o film might produce a Cls (286.0 eV) 
signal, no correlation was observed between the relative intensity of the Ols (533.0 eV) 
signal and the Cls (286.0 eV) component for each sample. Rather, samples with larger 
Ols signals possessed a proportionally larger Si2p (103.5 eV) component (Figures 3.1.8 
and 3.1.9), verifying Si02 as the primary source of the oxygen signal. However, covalent 
bonding between individual Ceo molecules within surface-grafted C6o films has been 
observed to cause both Cls broadening and a Cls (286.0 eV) signal increase.32 It could 
be that the higher temperature graftings in mesitylene and 1-methylnaphthalene activate 
C60-C60 [2+2] reactions33 in the grafting solution, and the resulting C6o-oligomers were 
sterically bulkier and electronically less-reactive than C6o itself for covalent attachment to 
the Si surface. Hence, compared to the extensive covalent attachment of individual C6o 
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molecules in the toluene-grafted C6o film, mesitylene- and 1-methlynapthalene-grafting 
might both produce films consisting of a greater number of C6o-oligomers physisorbed 
onto the surface. 
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Figure 3.1.7. XPS Analysis of solvent-grafted C60 films on Si(ll l) surfaces. (A) 
Superimposed view of XPS Cls signals for the C6o films on Si(l 11)-H for each solvent. 
Curve-fitting for Cls signals for (B) toluene, (C) mesitylene, and (D) 1-
methylnaphthalene (1-MN) are included with relative contributions for each signal inset. 
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Note that mesitylene-grafting produced the sample with the lowest Ols and Si2p(Si02) 
signals, toluene-grafting produced the sample with the median Ols and Si2p(Si02) 
signals, and 1-methylnapthalene produced the sample with the highest Ols and 
Si2p(Si02) signals. 
12000 
10000 
8000 ^ 
(0 
o 
o 6000 
<x> 
4000 
2000 
1MN-grafted sample 
R2 = 0.7231 / 
r / SS 
\ ' / ^ L / / J 
/ R2 = 0.9778 
toluene-grafted sample 
mesitylene-grafted sample 
*01svsC1s(286eV) 
• 01svsSi2p(Si02) 
500 1000 1500 2000 
Integration of C1s (286 eV) or Si2p (SiO^ 
2500 3000 
Figure 3.1.9. Integration of the Ols (from 531.0 to 535.0 eV) signal for each solvent-
grafting plotted against (blue) the integration of the Cls (286.0 eV) contribution (based 
on curve-fitting shown in Figure 2 of the main text) and (red) the integration of the Si02 
contribution of its Si2p signals (from 101.5 to 105.5 eV). The brown line and R value are 
from a linear fit of the Ols vs Cls(286.0 eV) data series, demonstrating a poor 
correlation. The light-blue line and R2 value are from a linear fit of the Ols vs Si2p(Si02) 
dataset, demonstrating a much better correlation. 
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To explain the switching behavior in the nanogap devices, a proposed mechanism 
must match the experimentally determined features of the device and switching behavior, 
and properly address the observed differences in the electrical measurements and XPS 
analyses for the C6o-grafted samples produced by the three grafting solvents. While 
several physical phenomena could be suggested to explain the observed switching 
behavior, most are eliminated by the experimental details and results. First of all, the 
switching behavior is clearly not a result of the silicon platform itself. The bottom (n+-Si) 
and top (poly-Si) electrodes of the device behave much like a conductor and, accordingly, 
cannot cause the resistance change observed during switching. The behavior cannot be 
attributed to metal filament formation as no metal is present in the active region, nor are 
the observed ON-currents sufficiently large to represent filamentary metal conduction. 
Additionally, since the two solvents that produced surfaces with the lowest (mesitylene) 
and highest (1-methylnaphthalene) relative oxygen concentrations (Figure S2) also 
produced switching nanogap devices, and since the toluene-grafting produced a surface 
with medium oxygen concentration and no switching devices, it is unlikely that surface 
oxygen content played a role in either achieving or preventing switching behavior. 
Hence, processes sensitive to surface oxygen concentration, such as memory phenomena 
based on the movement of oxygen vacancies, are not likely candidates to explain the 
switching behavior. Finally, electrical measurements of Si control device structures that 
were identical in structure to the switching nanogap devices, except for the lack of either 
a nanogap opening and/or a grafted C6o-film, failed to demonstrate switching behavior. 
This confirms that the switching behavior does indeed require a Si nanogap with a C60-
film grafted inside. 
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Further, the measured ON-current of a switching nanogap device decreased over 
repeated read operations, even at low read biases, until the state was refreshed (Figure 
3.1.4). A key feature associated with phase-change memory devices is the stability of 
their memory states beyond a decade,1 even over many repeated read operations, without 
needing to refresh the device's state. Hence, a phase-change phenomenon is unlikely. 
State-destructive read operations are known within charge-based memory devices, 
including commercial one-time-read DRAM,1 making a charging phenomenon a more 
likely candidate. A charge-trapping phenomenon is circumstantially supported by the 
complete loss of the ON-state of a device upon its exposure to air, as atmospheric 
components (O2, H2O, etc.) can quickly quench the trapped charge, turning the device 
OFF. Additionally, switching produced as the result of charge injection and trapping 
between the Si electrode and the C60 film (or Si/C6o interface) would be sensitive changes 
in the electrical contact between the film and electrode after the initial grafting is 
completed, as both the location of the charge-traps and the electrical properties of the 
surface and film at the interface might be disturbed. Such a deleterious contact change is 
likely during the unequal expansion/contraction of the device structure and the C60 film 
(and/or thermal phase-changes known to occur within C60 solids)34 during heating and 
cooling treatments. Accordingly, the heating (200 °C) and cooling (100 K) experiments 
performed on C6o-grafted nanogap devices demonstrated that both treatments lowered the 
yield of switching devices considerably, providing further circumstantial evidence for a 
charging mechanism. 
Additional evidence for a charging mechanism can be gleaned from further pulsed 
memory measurements. As seen in Figure 3.1.10, when read operations were performed 
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without biasing the electrodes, the device was observed to charge equally well from 
either a positive (6 V, 20 s) or negative (-6 V, 20 s) pulse to subsequently demonstrate a 
negative or positive current, respectively, upon reading. Regardless of the write bias 
polarity used or the direction of the resulting current, the magnitude of the measured 
current asymptotically approaches 0 A over 20 consecutive unbiased 1 us read 
operations. The presence of stored charge within the device after the ±6 V write pulse 
best explains the source of the electrical potential necessary to produce the currents 
measured in the absence of an externally applied read bias. With each unbiased read 
operation, the stored charge is depleted as it induces the current that is measured within 
the device, lowering the device's potential, thereby reducing the current measured for 
subsequent read operations. Additionally, the similarity in the magnitude of the measured 
current after a write pulse of either polarity, along the bipolar nature of the hysteresis 
observed in the I-V curves of Figure 3.1.2, suggests that this charging may occur at either 
electrode with appropriate write bias polarity. 
If a grafted C6o film were the only requirement for charge-based nanogap 
switching to occur, then we would expect switching behavior to be observed for all 
samples grafted using solvents capable of producing a C6o film. However, switching 
behavior was not observed for toluene-grafted devices despite toluene forming a thicker 
C6o film on Si than the other solvents. Comparison of the XPS Cls analyses of each of the 
solvent-grafted C6o films demonstrated that the toluene-grafted sample possessed greater 
Si-C6o (and less C60-C60) covalent bonding than the samples grafted with the other two 
solvents. 
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Figure 3.1.10. Read operations from 10 cycles demonstrating device behavior at 0 V read 
bias in which one cycle corresponds to one write (6 V for 20 s), 20 reads (0 V for 1 us 
each), one write (-6 V for 20 s), and 20 reads (0 V for 1 (is each). 
We, therefore, hypothesize that the switching behavior observed in mesitylene-
and 1-methylnaphthalene-grafted nanogap devices is caused by a resistance change due 
to a charge trapping phenomenon at the Si/C6o interface under an applied bias. When 
switching devices are placed under an applied bias, charge is trapped at the electrode/film 
interface, the resistance at the interface is reduced, and the conductivity of the system 
increases, yielding the ON-state. When an opposite bias is applied, these trapped charges 
are returned to the Si electrode, the resistivity of the interface increases, and the lower 
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conductivity of the system is restored, yielding the OFF-state. For the toluene-grafted 
samples, however, the more extensive Si-C6o covalent bonding prevents charge from 
being effectively injected and/or trapped at the Si/C6o interface. This means that the 
toluene-grafted devices are locked in a permanent OFF-state because the Si-C6o covalent 
bonding either destroys the critical interfacial charge-traps or creates an enhanced barrier 
for charge injection from the electrode surface such that the traps cannot be effectively 
charged within the compatible write bias range for the device. Accordingly, the 6% 
smaller relative Cls (282.5 eV) contribution observed for the 1 -methylnaphthalene-
grafted surface, representing less Si-C6o covalent bonding than the mesitylene-grafted 
surface, also explains the slightly larger hysteresis observed for the 1 -methylnapthalene-
grafted nanogap devices during I-Vanalysis (Figure 3.1.2). 
The choice of grafting solvent may play another role if solvent molecules were 
intercalated during film formation, which is known for aromatic solvents in C6o films. 
These trapped solvent molecules would affect the resultant film structure and electrical 
properties by restricting electrical contact at both the Si/C6o and C60/C60 interfaces, 
possibly even providing film defects that serve as charge-traps. While they may 
contribute to the switching behavior observed in nanogap devices, the similarity in the 
Cls signals for the aromatic grafting solvents and C60 hinder discernment between the 
two, leaving only circumstantial evidence to hint at the possibility of their existence. 
Under the vacuum of the electrical probe station, the relatively smaller, lighter toluene 
molecules would be more quickly liberated from the film than the relatively bulkier 
mesitylene and 1-methylnaphthalene molecules. If the presence of these solvent 
molecules were critical to switching, this would result in the attainment of switching 
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devices from only mesitylene- and 1-methylnaphthalene-grafted devices, just as we have 
observed. This possibility is also supported by the fact that the 200 °C heat treatment 
induced a 33% greater drop in the yield of switching devices for the sample prepared 
with the smaller, lower-boiling mesitylene than for the sample produced using the larger, 
higher-boiling 1-methylnaphthalene. However, trapped solvents molecules offer no 
explanation for the differences in the Cls spectra of the different solvent-grafted surfaces 
discussed above, and therefore cannot by themselves provide a full rationalization of 
switching behavior. 
3.1.6 Conclusion 
In conclusion, we have demonstrated two-terminal, charge-based memory from 
solvent-deposited, molecular films of C6o inside of vertical 7 nm all-silicon nanogap 
devices. I-V measurements of nanogap devices demonstrate a high yield (67%) of bipolar, 
switching, memory devices from both the mesitylene and 1 -methylnapthalene grafting. 
Toluene-grafted devices showed no such switching behavior, and XPS Cls analysis 
revealed a greater degree of Si-C6o covalent bonding in toluene-grafted samples. Analysis 
of switching nanogap devices demonstrated high ON:OFF ratios (maximum -1500), 
high-stability for molecular systems (>100 cycles with no device degradation) and low 
operating currents (~10"n A). By this approach of using only silicon electrodes at top and 
bottom, the often troublesome metal migration problem is obviated. 
3.1.7 Contributions 
I performed the grafting, characterization, and electrical measurements for this 
section. Dr. Tao He contributed to the preliminary electrical measurements and 
experimental design. 
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3.2 Au Nanoparticles Tethered to Si Substrates in Pursuit of Charge 
Storage-Based Memory Behavior 
3.2.1 Section Abstract 
Modified field-effect transistor (FET) devices were constructed to test the 
possibility of storing charge in a floating gate layer of molecularly tethered Au 
nanoparticles. Three molecules were synthesized to tether the Au nanoparticles to the Si 
surface, all orthogonally equipped with a protected diazonium salt (triazene) at one 
terminus and a protected thiol (thioacetate) at the other. X-ray photoelectron spectroscopy 
(XPS) analysis and atomic force microscopy (AFM) results for the grafted molecular 
layers and tethered Au nanoparticle layers for each molecule. A small amount of 
hysteresis was observed in the IDS - VGS curves of the shortest molecular tether at large 
control gate bias in the modified FET with a back gate structure. A fourth molecule was 
synthesized in order to construct a self-assembling nanodielectric (SAND) layer on top of 
the Au nanoparticle layer in pursuit of a top-gated FET design. Expecting a greater effect 
for a top gate design, spin-on glass (SOG) and SAND dielectric layers were implemented 
on top of the Au nanoparticle layer; however, stable switching devices were not obtained, 
likely due to pin-hole defects in the films. 
3.2.2 Introduction 
The Si MOSFET design has been a highly utilized structure both in commercial 
and academic endeavors since its advent in the early 1960s.' The simplicity of the design 
has allowed decades of successful scaling to maintain the prediction of Moore's Law for 
transistor capacity. In previous work, we have utilized a modified MOSFET, known as 
the MoleFET, to measure the effect of grafted molecular species on the device's 
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threshold voltage.2"4 In this section we sought to use a modified FET structure to drive the 
accumulation of charge into a Au nanoparticle layer covalently tethered to the channel 
region of the device (Figure 3.2.1). This is an implementation of what is known as a 
floating gate, an electrically isolated gate that lay above the transistor channel which 
stores information in the form of stored electric charge, modifying the transport 
properties of the device.1 
Figure 3.2.1. Schematic of a top- and bottom-gated FET with a molecular layer and Au 
nanoparticles grafted to the Si(l l l) device layer in the channel region. Note that 
generally either the top or the bottom gate is needed, but not both. 
The tethered Au nanoparticle layer were positioned between the source and drain 
electrodes and below (top gate design) or above (bottom gate design) the control gate. As 
with normal FET operation, the bias of the control gate (VGS) can form a conductive path 
in the device channel region between the source and drain electrodes, and in the process 
charge should accumulate into the layer of Au nanoparticles. This accumulated charge 
should provide a gating effect and influence the transport properties of the device, 
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yielding changes in the IDS - VGS curve of the device. In general, the close proximity of 
the control gate to the tethered nanoparticle layer in the top gate design was expected to 
produce a more pronounced effect at lower gate bias than in the bottom gate design, 
where the relatively thick Si device layer separates the two. However, the bottom gate 
design holds advantages in ease of device construction as the control gate requires only 
metal evaporation on the bottom side of the device chip. For the top gate design, a 
reliable dielectric layer must be deposited on top of the nanoparticle layer, and 
subsequent metal evaporation of the control gate follows. With such a top gate design, 
even a pin-hole defect in the underlying layers can produce a short that will prevent the 
device from charging and functioning properly.5 
Et 2 N 3 ^r~} — \ E t 2 N 3 ^ l ) = f^% — ( f ^HSAc 
SAc N—' N—\ \ = / \ = / \ = / 
SAc OFM-2 OFM-3 
Figure 3.2.2. Structures of the orthogonally functionalized molecules (OFM) for 
attachment to the Si surface with the protected diazonium (triazene) moiety at one 
terminus and attachment to the Au nanoparticle layer with the protected thiol 
(thioacetate) terminus. 
Orthogonally functionalized molecules provide the ability to chemoselectively 
bind to two unlike substrates simultaneously, allowing for the bridging of two different 
materials, nanometers apart, with control of the electrical properties of the interface using 
molecular structure. In order to attach the Au nanoparticles to the device surface, a series 
of orthogonally functionalized molecules were synthesized (Figure 3.2.2). One terminus 
of each molecule consists of an aryl diethyl triazene, which can be deprotected under the 
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acidic conditions to liberate an aryl diazonium salt. In the presence of a hydrogen 
passivated Si surface, diazonium salts have been shown to spontaneously, covalently 
graft onto the surface via a radical mechanism (covered in detail in Sections 4.1 and 4.2).6 
Our group previously published a procedure for the conversion of aryl triazenes to aryl 
diazonium salts in situ during the passivation of the Si substrate using a 2% HF solution.7 
The other terminus of the molecule displays a thioacetate moiety, which can be 
deprotected in the presence of acid or base to provide an exposed thiol for attachment to 
Au. The three molecules synthesized demonstrate different lengths as well as different 
electrical conductivities. The molecules OFM-1 and OFM-2 contain alkanethiols, which 
provide a higher barrier for charge injection than OFM-3, the OPE molecular wire. 
For a top gate design, the dielectric layer on top of the Au nanoparticle layer must 
be deposited in such a way as to not damage the underlying films. One option is spin-on 
glass (SOG), a commonly utilized solution in the industry; however, it is difficult to 
control the thickness of this dielectric layer. A second solution is to construct a self-
assembling nanodielectric (SAND) layer based on Tobin Marks' work.8"10 As shown in 
Figure 3.2.2A, the aryl diethanolamine moiety can be effectively cross-linked into a thin, 
low-leakage dielectric layer using a octachlorotrisiloxane solution, followed by 
hydrolysis. 
A final orthogonally functionalized molecule, OFM-4 (Figure 3.2.3B), was 
synthesized with a protected thiol group in order to graft to the top of the nanoparticle 
layer and with an protected aryl diethanolamine moiety that could be cross-linked into a 
SAND layer to serve as a dielectric between the gate and the layers beneath (Figure 
3.2.4). 
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OH 
I 
""Si— 
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" ~ ^ S i ^ / \ o o 
OH 
I 
- S i - ' 
Si302CI8 
dry pentane 
rt, 30 min 
B 
AcS 
OTBDMS 
OTBDMS 
OFM-4 
Figure 3.2.3. (A) Part of the self-assembled nanodielectric (SAND) layer pioneered by 
the Tobin Marks.8 (B) Structure of the OFM-4 for attachment to the top of the 
nanoparticle layer with the protected thiol terminus and attachment to the SAND layer 
with the bis(alkoxy)aniline terminus. 
HO 
. 0 . ..OH 
-0-Si '~~"Si--0 . 
Figure 3.2.4. Illustration of the channel region of a top-gated FET device with a SAND 
layer serving as the dielectric layer between the gate and the Au and molecular layers 
beneath. 
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The shorter alkyl thiol molecule, OFM-1, was synthesized according to the 
scheme shown in Figure 3.2.5. The diazonium salt was formed by NOBF4 diazotization 
of 4-aminophenethyl alcohol, and subsequently diethylamine in base was added to protect 
the highly reactive diazonium moiety in the form of a diethyltriazene. Next, a functional 
group exchange was performed to substitute the alkyl hydroxyl group for an alkyl 
bromide via the Appel Reaction, using CBr4 and PPI13. Last, the primary halide was 
displaced using a Finkelstein SN2 reaction with KSAc in the presence of Lil to render 
OFM-1. The side-reaction responsible for the low yield was the premature deprotection 
and loss of the diazonium moiety during the Appel reaction, and the inclusion of HNEt2 
in the reaction mixture proved to be only mildly effective in mitigating its effects. 
1) NOBF4, CH2CI2 1) PPh3, CBr4 
CH3CN,0°C / = \ CH2CI2,45°C 
H
'
N
^ J ^ ~ V 0 H ^NH.K.CO.rt ' Et2N3 A > ^ 0 H 2) KSAc, Li, ' ^ ^ W V_SAc 
(CH3)20, rt 
53 % (2 steps) 32 % (2 steps) 0 F M " 1 
Figure 3.2.5. Synthesis of orthogonally functionalized molecule OFM-1. 
Figure 3.2.6 shows the synthesis scheme for OFM-2. The triazene alligator clip 
was synthesized from 4-iodoaniline, which was converted to the diazonium salt and then 
protected with diethylamine in the presence of base to form the diethyltriazene. OFM-2 
was constructed from a Sonogashira coupling between the triazene alligator clip with 5-
chloropentyne. The alkyl chloride was then displaced using a Finkelstein SN2 attack by 
KSAc in the presence of Lil to yield OFM-2. 
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1)=- (CH 2 ) 3 CI 
1)BF3.OEt2 Pd(PPh3)2CI2 
f-BuONO TPL
 T H F 
THF //—^ ' 
H2N—(\ />—I *- Et2N3—(' V - 1 *• Et2N3—v. / / 2
 \J/ 2)K2C03 2 3 \ = / 2)KSAc 2 3 V ^ 
HNEt2 Lil N 
CH3CN Triazine Alligator Clip DMF OFM-2 
85 % (2 steps) 37 % (2 steps) 
Figure 3.2.6. Synthesis of orthogonally functionalized molecule OFM-2. 
The synthesis of the OPE molecular wire, OFM-3, begins with 4-iodoaniline, to 
which a trimethylsilylacetylene (TMSA) unit was coupled under Sonogashira coupling 
conditions (Figure 3.2.7). Subsequently, the aniline was exchanged for an iodide via a 
Sandmeyer-style reaction by first forming the diazonium salt using tert-butylnitrite, and 
then eliminating it with KI to render the aryl iodide. 
™
S A
 1)BF3-OEt2 
Pd(PPh3)2CI2 f-BuONO 
/ = \ Cul rf~~\ THF /7~\ 
\-J/ TEA/THF X = / 2)KI,CH3CN \=J 
99o/0 84o/0 
Figure 3.2.7. Synthesis of the center aryl ring of OFM-3. 
Then, in a separate sequence (Figure 3.2.8), the triazene alligator clip is coupled 
to TMSA under Sonogashira conditions, followed by a tetrabutylammoniurn fluoride 
(TBAF) deprotection of the alkyne. 
TMSA 
Pd(PPh3)2CI2 
f, ^ QU | A \ I BAr // N\ 
Et2N3—<f X ^ l *~ Et2N3-<( J — TMS *- Et2N3—C' N> TEA, THF N — ' CH2CI2 
87 % 78 % 
Figure 3.2.8. Synthesis of the triazene terminus of OFM-3. 
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The two fragments from Figure 3.2.7 and Figure 3.2.8 were then coupled to one 
another under Sonogashira conditions, followed by a removal of the TMS protecting 
group to liberate the alkyne (Figure 3.2.9). The last ring was installed via one final 
Sonogashira coupling to thioacetic acid 5'-(4-iodo-phenyl) ester (thioacetate alligator 
clip),11 prepared as previously reported (and covered in detail section, 1.2), to yield the 
completed OFM-3 molecule. 
Pd(PPh3)2CI2 
E t 2 N 3 — / ^ — E S - H + I — / ) > — ^ ^ T M S *• E t 2 N 3 ^ J—=—? %—EEE^-TMS 
\ = / \ = / THF, TEA X = / ^ ^ 
81 % 
CH2CI2 \ = / \ = / Pd(PPh3)2CI2 
CM % ^ U ' 
9 1 /o
 THF, TEA 
18% 
'/ \ — // \ — // \ Et2N3—<f s)—= (' V — = — ( ' v>-SAc 
OFM-3 
Figure 3.2.9. Synthesis of orthogonally functionalized molecule OFM-3. 
The diethanolanime moiety proved too sensitive toward side reactions; therefore, 
tert-butyldimethylsilyl (TBDMS) protecting groups were installed using TBDMS-C1 in 
dimethylformamide (DMF) with imidazole at room temperature (Figure 3.2.10). The 
phenyl ring was subsequently iodinated utilizing a methodology developed previously by 
our group, which used benzyltriethylammonium dichloroiodate to provide exclusive 
iodination in the para position. This iodinated compound was then coupled with TMSA 
under Sonogashira conditions to yield the TMS-protected alkyne shown. The robustness 
of the TBDMS protecting group allowed for the deprotection of the alkynyl TMS group 
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with K2CO3 in MeOH and CH2CI2. A final Sonogashira coupling to the thioacetate 
alligator clip yields the orthogonally functionalized OFM-4 target (Figure 3.2.10). 
0 ~ N C 
TMSA 
Pd(PPh3)3CI2 
Cul 
^. 
THF/TEA 
Quant. 
OH 
OH 
TMS-
TBDMS-CI 
DMF 
imidazole 
rt, overnight 
71 % 
— \__f~ 
OTBDMS BnN+Et3ICI2 
/ \ M 
OTBDMS 
1) K2C03 
OTBDMS MeOH 
/ CH2CI2 
^ — ^ 2) Pd(PPh3)3CI2 
OTBDMS Cul 
A c S ^ _ , 
THF, TEA 
42 % (2 steps) 
NaHC03 
CH2CI2 
MeOH 
59% 
A c S ^ y 
I _ H O~ N C 
^ O A 
OFM-4 
OTBDMS 
OTBDMS 
OTBDMS 
OTBDMS 
Figure 3.2.10. Synthesis orthogonally functionalized molecule OFM-4. 
3.2.3 Experimental 
All reactions were performed under an atmosphere of N2 unless otherwise stated. 
Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl. Triethylamine 
(TEA) and dichloromethane (CH2CI2) were distilled from CaF^ under N2. 
A'-Phenyldiethanolamine was purchased from Acros Organics and used as received. 
Silica gel plates were 250 mm thick, 40 F254 grade obtained from EM Science. Silica gel 
was grade 60 (230-400 mesh) from EM Science. Bis(triphenylphosphine)palladium(II) 
dichloride was prepared according to literature procedures.13 The syntheses of 
benzyltriethylammonium dichloroiodate12 and nitrosyl tetrafluoroborate (NOBF4)1415 
were previously described. 
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E t 2 N 3 — \ /)—\ 
^-^ ^ S A c 
Synthesis of OFM-1. An oven-dried 100 mL round bottom flask was charged 
with [4-(2-aminoethoxy)phenyl](3,3-diethyl)triazene16 (3.45 g, 15.6 mmol), diethylamine 
(5 mL), PPh3 (4.09 g, 15.6 mmol), and CH2C12 (40 mL), and was cooled to 0 °C. Carbon 
tetrabromide (CBr4, 5.17 g, 15.6 mmol) was dissolved in CH2CI2 (40 mL) and was slowly 
added to the flask. The flask was then warmed to rt and a reflux condenser was attached. 
The reaction was then heated to 45 °C and stirred overnight. The following day, the crude 
reaction mixture was diluted with hexanes and passed through a silica gel plug (3% 
EtOAc in hexanes), rendering 1.40 g of the crude brominated material. A portion of this 
material (0.70 g, 2.46 mmol) was combined with KSAc (1.40 g, 12.3 mmol) and dry 
acetone (25 mL) in an oven-dried 50 mL round bottom flask. After stirring at rt 
overnight, the reaction mixture was poured into water, extracted with CH2CI2, dried over 
MgS04, and the solvent removed in vacuo. The product was purified by silica gel 
chromatography (5% EtOAc in hexanes) to yield 0.68 g (32%) of a brown oil. IR: 3019, 
2969 2931, 2872, 1687, 1640, 1498, 1434, 1398, 1351, 1327, 1233, 1198, 1136, 1092, 
1012, 950, 847, 821 cm"1. lH NMR (CDC13, 400 MHz) 5 7.34 (d, J= 8.4 Hz, 2H), 7.16 
(d, J= 8.4 Hz, 2H), 3.74 (q, J= 7.2 Hz, 4H), 3.11 (m, 2H), 2.84 (m, 2H), 2.32 (s, 3H), 
1.25 (br t, 6H); 13C (100 MHz, CDC13) 8 195.8, 149.9, 136.7, 128.9, 120.4, 53.5, 35.4, 
30.7. HRMS calcd for C14H21N3OS: 279.1405, found: 279.1409. 
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Synthesis of OFM-2. An oven-dried 100 mL round bottom flask was charged 
with (4-iodophenyl)(3,3-diethyl)triazene16 (3.00 g, 9.90 mmol), 5-chloropentyne (1.72 
mL, 16.4 mmol), Pd(PPh3)2Cl2 (100 mg, 14 mol%), Cul (50 mg, 27 mol%), freshly 
distilled THF (50 mL), and TEA (10 mL) and stirred at rt under N2 for 1 d. The reaction 
mixture was diluted with Et20, passed through a silica gel plug (100% Et20). The crude 
chloride was transferred to a second oven-dried 100 mL round bottom flask, and KSAc 
(8.22 g, 72.0 mmol), Lil (1.93 g, 14.4 mmol), and dry DMF (60 mL) were added. After 
stirring at rt for 2 d, the reaction mixture was poured into water, extracted with CH2C12, 
dried over MgSC>4, and the solvent was removed in vacuo. The crude product was further 
purified by column chromatography (80% CH2C12 in hexanes) to yield 1.16 g (37%) of 
an amber oil. IR: 3037, 2969, 2933, 2872, 2839, 1684, 1599, 1499, 1449, 1419, 1398, 
1339, 1236, 1207, 1095, 950, 842 cm"1. lH NMR (CDC13, 400 MHz) 5 7.34 (m, 4H), 3.75 
(q, J= 7.2 Hz, 4H), 3.04 (t, J = 7.2 Hz, 2H), 2.50 (t, J= 7.0 Hz, 2H), 2.34 (s, 3H), 1.88 
(quin, J= 7.2 Hz, 6 H), 1.25 (br t, 6 H); 13C (100 MHz, CDC13) 5 195.87, 150.80, 132.40, 
120.49, 120.14, 88.35, 82.10, 30.90, 28.93, 28.51, 28.44, 28.32, 18.95. HRMS calcd for 
C17H23N3OS: 317.1562, found: 317.1566. 
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Synthesis of OFM-3. An oven-dried 100 mL round bottom flask was charged 
with 4-(4-ethynyl-phenylethynyl)phenyl(3,3-diethyl)triazine (0.40 g, 1.3 mmol), 
thioacetic acid 5'-(4-iodo-phenyl) ester11 (thioacetate alligator clip, 0.44 g, 1.6 mmol), 
Pd(PPh3)2Cl2 (50 mg, 5 mol%), Cul (30 mg, 8 mol%), freshly distilled THF (25 mL), and 
TEA (3.0 mL) and stirred at rt under N2 for 2 d. The reaction mixture was then poured 
into water, extracted with CH2CI2, dried over MgS04, and the solvent was removed under 
reduced pressure. The crude product was further purified by column chromatography 
(100% CH2CI2) to yield 110 mg (18%) of an orange solid. IR: 3370, 3075, 3031, 2972, 
2931, 2869, 2197, 1929, 1817, 1687, 1584, 1513, 1428, 1395, 1348, 1325, 1233, 1089, 
1007, 951, 836 cm"1. !H NMR (CDCI3, 400 MHz) 5 7.48 (m, 12H), 3.78 (q, J = 7.2 
Hz,4H), 2.44 (s, 3H), 1.28 (br t, 6H); 13C (100 MHz, CDCI3) 5 193.4, 151.2, 134.2, 132.3, 
131.6, 131.4, 128.2, 124.3, 123.8, 122.3, 120.4, 119.0, 92.2, 90.9, 90.2, 88.8, 30.3. 
HRMS calcd for C28H25N3OS: 451.1718, found: 451.1708. 
OTBDMS 
OTBDMS 
Synthesis of OFM-4-I. An oven-dried 50 mL round bottom flask was charged 
with the N,iV-bis(2-(te^butyldimethylsilyloxy)etliyl)aniline17 (5.00 g, 12.2 mmol), 
NaHC03 (2.00 g, 23.8 mmol), CH2C12 (7 mL), and MeOH (7 mL), and then cooled to 
0 °C in an ice bath. A second flask was charged with benzyltriethylammonium 
dichloroiodate (4.75 g, 12.2 mmol) and CH2CI2 (7 mL), and the contents of the second 
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flask were transferred into the first across 15 min using a cannula. The mixture was 
warmed to rt and stirred for 25 min. The reaction mixture was then poured into water, 
extracted with CH2CI2, dried over MgS04, and the solvent was removed in vacuo. The 
crude product was further purified by column chromatography (20% CH2CI2 in hexanes) 
to yield 3.85 (59%) of product. IR: 3084, 3040, 2954, 2928, 2883, 2851, 2733, 2710, 
1976, 1593, 1499, 1469, 1390, 1354, 1254, 1189, 1101, 1007, 932, 842, 735 cm-1. *H 
NMR (CDCI3, 400 MHz) 8 7.42 (d, J= 9.1 Hz, 2H), 6.48 (d, J= 9.1 Hz, 2H), 3.73 (t, J= 
6.3 Hz, 4H), 3.48 (t, J= 6.3 Hz, 4H), 0.89 (s, 18H), 0.03 (s, 12H) ; 13C (100 MHz, 
CDCI3) 8 147.8, 137.9, 114.2, 76.4, 60.4, 53.7, 26.1, 18.5, 0.25, -5.1. HRMS calcd for 
C22H43lN02Si2+:536.1877, found: 536.1868. 
OTBDMS 
OTBDMS 
Synthesis of OFM-4. An oven-dried 100 mL round bottom flask was charged 
with A^,iV-bis(2-(fcr/-butyldimethylsilyloxy)ethyl)-4-((trimethylsilanyl)ethynyl)aniline18'19 
(0.90 g, 2.07 mmol), thioacetic acid S-(4-iodo-phenyl) ester11 (0.60 g, 2.16 mmol), 
Pd(PPh3)2Cl2 (50 mg, 3 mol%), Cul (50 mg, 12 mol%), freshly distilled THF (50 mL), 
and TEA (3.0 mL) and stirred at rt under N2 overnight. The reaction mixture was then 
poured into water, extracted with CH2CI2, dried over MgSC>4. The crude product was 
further purified by column chromatography (30% CH2CI2 in hexanes) to yield 510 mg 
(42%) of product. IR: 3084, 3045, 2954, 2925, 2883, 2854, 2209, 2162, 1705, 1608, 
1581, 1522, 1469, 1387, 1357, 1254, 1195, 1092, 1001, 942, 821, 771 cm"1. 'H NMR 
(CDCI3, 400 MHz) 8 7.52 (d, J= 8.6 Hz, 2H), 7.45 (m, 4H), 6.66 (d, J =9.1 Hz, 2H), 
3.78 (t, J= 6.3 Hz, 2H), 3.55 (t, J= 6.3 Hz, 2H), 2.43 (s, 3H), 0.90 (s, 18H), 0.45 (s, 
197 
12H) ; 13C (100 MHz, CDC13) 5 193.8, 148.0, 134.1, 133.0, 131.7, 126.8, 125.6, 111.2, 
109.0, 92.6, 86.7, 60.2, 53.4, 30.2, 25.9, 18.2, -5.4. HRMS calcd for C32H49N03SSi2: 
583.2972, found: 583.2963. 
Grafting of triazene molecules to Si surfaces. All three molecules were 
assembled onto Si(l 11) shard according to the in-situ deprotection/passivation method of 
triazene assembly as previously described by our group. Briefly, Si(lll) was cleaned 
with piranha at 80 °C for 30 min and rinsed with nanopure water. For OFM-1 and -2, the 
chip was then placed in a degassed mixture of CH3CN (19 mL) and HF (19 mL of 4% aq. 
sol.) for 10 min. In a separate container, the triazene molecules (3.2 mg of OFM-1, 4.6 
mg of OFM-2) were dissolved in 2 mL CH3CN and were then introduced to the first 
container and the container were gently stirred throughout the grafting. After 20 min of 
grafting for OFM-1, ellipsometry yielded a height of 16 A; while only 12 min of grafting 
time was required for OFM-2 to reach 20 A. Due to the low solubility of the OFM-3 in 
the CH3CN / HF mixture, a mixture of CH3CN (15 mL), 4% HF (15 mL), and THF (6 
mL) were used as the initial solution, and 2 mg of OFM-3 dissolved in 2 mL of THF. 
After 15 min of grafting, ellipsometry indicated a 22 A film. After assembly, the wafers 
were placed in NH4OH for 5 min to remove the remaining acetate protecting groups on 
the thiol moieties not removed by exposure to the 2% HF during grafting, followed by a 
water rinse, and drying under a stream of N2. 
Synthesis of the Au nanoparticles. The synthesis of the Au nanoparticles is 
based on a microwave assisted polyol reduction of HAuCU as described in literature.20 
Ramanath et al. observed that HAuCL could be rapidly reduced by acetaldehyde, whose 
formation is facilitated by microwave irradiation of ethylene glycol. For our purposes, 12 
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mg of HA11CI4 were combined with 8 mL of ethylene glycol, 1 ml of 1 M HC1, and 15 ml 
nanopure H2O were placed in a sealed tube and heated in a microwave oven (commercial 
Sharp Carousel 1.1 kW microwave oven, 10% power) for 40 min (with a 10 min cooling 
break in an ice bath to minimize solvent pressure and boiling after 20 min of heating). 
Before heating in the microwave oven the solution was a bright yellow color, after 10 
min the solution was nearly clear, and after 20 min the solution became a light pink color, 
indicating the formation of nanoparticles. The resulting nanoparticles were evaporated 
onto a grid and imaged by transmission electron microscopy (TEM) (Figure 3.2.11), and 
while not perfectly uniform in shape and size, they were generally spherical and 5 - 1 0 
nm in size. These nanoparticles have no stable capping groups and were therefore only 
stable in solution for hours, unlike citrate or alkyl thiol stabilized nanoparticles which 
have a shelf life of weeks to months. 
Formation of the SAND layer. The Si surface after molecular and nanoparticle 
grafting was submerged in a solution of OFM-4 in NH4OH, acetone, and MeOH 
according to basic in situ deprotection and self-assembly of thioacetates on Au.21 After 
thorough rinsing with MeOH and N2 blow drying, the substrates were brought into the 
glove box and exposed to the siloxane (S13O2CI8) solution in pentane at rt for 25 min as 
O 1 A 
described by Marks et al., " followed by rinsing with pentane, acetone, and MeOH after 
removal from the glovebox.9 Note that no additional acid hydrolysis step was necessary 
to remove the TBDMS protecting groups since the siloxane capping step produces 
adequate residual HC1 to remove the TBDMS protecting group.9 
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Figure 3.2.11. TEM image of Au nanoparticles formed by polyol reduction of HA11CI4 
using microwave irradiation. 
Ellipsometry. Molecular film thicknesses were measured with a single-
wavelength (632.8-nm laser) LSE Stokes ellipsometer (Gaertner Scientific) with an 
incident angle of 70°. Ellipsometric characterizations were carried out before and 
immediately after film preparation. The surface thickness was modeled as a single 
adsorbing layer atop an infinitely thick substrate. The index of refraction (nf) was set at 
1.46. The reported thickness is the average value of five measurements from different 
locations of the sample's surface. 
AFM. AFM images of the nanoparticles tethered to the Si substrates were 
obtained with a Digital Instruments Nanoscope Ilia tapping mode instrument. 
X-ray Photoelectron Spectroscopy (XPS). XPS data were collected at room 
temperature under ultrahigh vacuum (~10'9 Torr) using a PHI 5700 XPS/ESCA system 
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(PHI Quantera SXM Scanning X-ray Microprobe) equipped with a monochromatic Al Ka 
light source (1486.6 eV) using a takeoff angle of 45°. The analytical spot size for all 
measurements was 0.10 mm x 0.10 mm. Measurements were performed with a pass 
energy of 6.5 eV. Data analysis was performed using the MultiPak Spectrum software, 
V7.01. 
Device testing. The electrical characteristics of the devices were measured under 
vacuum (< 7><10"4 Torr) using a semiconductor parameter analyzer (Agilent 4155C) and a 
probe station (Desert Cryogenics TTP4). The metal tips (ZN50R-25-BeCu, Desert 
Cryogenics) were probed directly onto the metal contacts using micromanipulators. 
Measurements were made with an integration time of 640 us. 
3.2.4 Results and Discussion 
Once the three molecular tethers (OFM-1, OFM-2, and OFM-3) were grafted 
onto the Si( l l l ) surface and the NH4OH liberation of the thiols was completed, the Si 
shards were placed in the microwave-synthesized Au nanoparticle solution for 15 min. 
The resulting wafers were then thoroughly rinsed with nanopure water, blown dry with 
N2, and analyzed by XPS. Figures 3.2.12, 3.2.14, and 3.2.16 display the XPS survey 
scans and the relative atomic concentrations for the surface of the Si substrate after 
molecular grafting. For each of the molecular graftings, strong carbon and sulfur signals 
were observed, further confirming that the grafting was successful. Figures 3.2.13, 
3.2.15, and 3.2.17 display the XPS survey scans and the relative atomic concentrations 
for the surface of the Si substrate after Au nanoparticle attachment to the molecular layer. 
For each of these spectra, a strong Au signal was observed even after repeated rinsing, 
confirming Au nanoparticle attachment. 
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Figure 3.2.12. XPS survey of OFM-1 grafted onto Si-H. 
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Figure 3.2.13. XPS survey of OFM-1-grafted surface after exposure to AuNP solution. 
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Figure 3.2.14. XPS survey of OFM-2 grafted onto Si-H. 
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Figure 3.2.15. XPS survey of OFM-2-grafted surface after exposure to AuNP solution. 
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Figure 3.2.16. XPS survey of OFM-3 grafted onto Si-H. 
1000 
3 U U U U 
80000 
70000 
60000 
w 50000 
o 
40000 
30000 
20000 
10000 
0 
Relative Atomic Concentration 
C1s 28.5% 
Au4f 26.9% 
01s 21.3% 
Si2p 19.1 % 
S2p 4.2 % 
-
-
-
-.^m^^^^^^ 
J 
Au
4d
 
^
 
Au
4p
 
*#*"\ 
5 J 5 8 ^ 
\J^^*AA 
V L J 
800 600 400 
Binding Energy (eV) 
200 
Figure 3.2.17. XPS survey of OFM-3-grafted surface after exposure to AuNP solution. 
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The lack of capping groups seemed to be an advantage of the microwave-
synthesized nanoparticles since the weakly interacting solvent molecules stabilizing the 
surface were easily displaced by the thiol moieties extending upwards from the surface of 
the Si wafer. In comparison, control experiments with commercial citrate stabilized Au 
nanoparticles (Ted Pella, 50 nm) resulted in no visible Au signal during XPS analysis. 
The surfaces were also imaged using atomic force microscopy (AFM) (Figures 
3.2.18 - 20). On the OFM-1 grafted surface, there were a large number of particles 
observed on the surface, 10s to 100s of nanometers in size, while the packing of the 
particles appeared tighter with the OFM-2 and OFM-3 graftings. The total height was 
greater for the OFM-3 image, with a total heights reaching close to 70 nm. 
Figure 3.2.18. AFM image of the Au nanoparticles tethered to a Si(ll l) surface using 
OFM-1. 
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Figure 3.2.19. AFM image of the Au nanoparticles tethered to a Si(lll) surface using 
molecule OFM-2. 
Figure 3.2.20. AFM image of the Au nanoparticles tethered to a Si(lll) surface using 
molecule OFM-3. 
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Since the data indicated successful tethering of the Au nanoparticles to the Si 
substrate, we began molecularly tethering the Au nanoparticles into bottom-gated FET 
devices. Figure 3.2.21 illustrates the IDS - VGS behavior for the only three bottom-gated 
FET devices that demonstrated hysteresis, all of them modified with Au nanoparticles 
tethered using OFM-1. The observed hysteresis was small (less than a factor of 10) and 
only occured only large negative bias (-15 - -30 V), which is far too large for commercial 
device applications. The OFM-2 and OFM-3 grafted devices may not have demonstrated 
hysteresis effects because the tethered Au nanoparticle film was simply too far the field-
effect of the gate in the bottom gate structure. 
Encouraged by the observation of some hysteresis for the bottom-gated FET 
devices, we began to explore the possibility of constructing a top-gated FET structure. 
The greatest difficulty with the top gate structure is the dependence of the quality of the 
upper layers on the quality of the preceding layers; therefore, a single short between the 
floating gate and either the top gate or the channel could prevent the device from being 
able to charge properly. We explored the use of SOG, which is a liquid that can be spin-
coated onto the device surface and cured into a SiCh layer; however, controlling the 
thickness of the layer from this deposition method proved too difficult with our devices, 
resulting in too thick of a dielectric layer. If the dielectric layer is too thick, the Au 
nanoparticle film cannot be efficiently influenced by the field produced by VQS, similar to 
the bottom gate FET's shortcoming. 
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Figure 3.2.21. IDS - VGS curves for a bottom-gated FET with molecularly OFM-1-
tethered Au nanoparticles using molecule with some observed hysteresis at large gate 
biases. (A) and (B) represent two measurements for the same device, while (C) and (D) 
display curves from two other devices. 
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Since minimal thickness of the dielectric layer was desirable, we also explored the 
application of the siloxane cross-linked diethanolamine structure used in Marks' SAND-
based devices (Figure 3.2.3 - 3.2.4).8"10 After tethering the Au nanoparticles to the 
device's channel region, the exposed top of the Au nanoparticle film was functionalized 
with OFM-4. After rinsing, the device was brought into the glove box and exposed to a 
solution of the siloxane cross-linker (S13O2Q8) for 25 min at rt. " The device was 
subsequently removed from the glove box and hydrolyzed with MeOH. After Au was 
deposited on top of this dielectric layer I-V analysis was performed; however, the 
resulting devices demonstrated only fleeting hysteresis that disappeared within 1 - 2 
scans or no hysteresis at all. Figure 3.2.22 demonstrates the disappearing hysteresis for 
two OFM-1-tethered structures; the initial blue curves of the two devices show hysteresis 
roughly equivalent to those seen in back-gated structures but under remarkably reduced 
bias (3 V vs. 40 V). The red curves show subsequent scans of the two devices, showing 
almost no hysteresis behavior. Efforts to vary the measurement settings (integration time, 
scanning direction / order, etc.) could not revive the hysteresis behavior. This hysteresis 
loss likely due to the formation of a pin-hole defect between the molecular / Au 
nanoparticle film and the underlying substrate and/or between the Au nanoparticle film / 
SAND layer and the electrode deposited above that, after it forms, allows any charge 
driven into the layer to quickly dissipate. 
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Figure 3.2.22. IDS - VGS curves for two SAND dielectric top-gated FET devices with 
OFM-1-tethered Au nanoparticles. (A) and (B) represent two different devices. The 
blue curves demonstrate the hysteresis initially observed. The red curves show the IDS -
VQS behavior on a subsequent scan ( 1 - 2 scans later), demonstrating almost no 
hysteresis. 
One reason that the application of concepts from Marks' SAND structures may 
have failed is that the relationship between the functionality present on his stilbazolium 
molecular structures and their dielectric properties upon surface grafting is uncertain. 
Some publications focus on the importance of cross-linking of hydroxyl moieties into 
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siloxane layer (Figure 3.2.3), while the stilbazolium salt functionality that Marks initially 
investigated for its non-linear optical properties, is not considered necessary to form a 
good SAND layer.22'23 However, other publications continue to utilize this 'unnecessary' 
functionality in their nanodielectric layers,24 despite the obvious additional synthetic 
effort that its inclusion introduces. Hence, the importance of the stilbazolium salt 
functionality to forming a low-leakage dielectric layer may well have been 
underappreciated when designing the structure of OFM-4. 
3.2.5 Conclusions 
A series of orthogonally functionalized molecules were synthesized and grafted 
onto Si(l l l) to tether Au nanoparticles to the surface in pursuit of charge storage 
memory effects. XPS and AFM measurements confirm molecules were successfully 
grafted and nanoparticles attached. Some hysteresis effects were observed with the 
shortest molecule, OFM-1, under high VQS bias in a bottom-gated FET device. While it 
was predicted that a top-gated FET structure would demonstrate a more pronounced 
effect, our efforts in that direction only produced devices with no observed stable IDS -
VQS hysteresis, likely due to pin-hole defects in the films. It is possible that switching to a 
different grafting chemistry, such as hydrosilylation, to attach the molecular layer might 
produce a molecular layer with tighter packing density and address this issue. 
3.2.6 Contributions 
I contributed the synthesis, grafting, and most of the surface characterization for 
this section. Dr. Tao He constructed devices, took electrical measurements, and helped 
me to perform AFM measurements for this section. Dr. Amanda Higginbotham 
performed the TEM determinations. 
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3.3 Synthesis of stable radical molecules for assembly onto S i ( l l l ) 
3.3.1 Section Abstract 
A stable, long-lived alkoxyarylaminyl radical was synthesized with a free-alkyne 
available for hydrosilylation grafting to hydrogen passivated Si surfaces. The radical was 
characterized by electron paramagnetic resonance (EPR) and the Si surface was analyzed 
by X-ray photoelectron spectroscopy (XPS) after grafting. The EPR spectrum for the 
molecule was clearly detected in the grafting solution after exposure to thermal 
hydrosilylation conditions, and the XPS demonstrates a large increase in carbon and 
nitrogen on the Si surface; however, surface EPR analysis was not available to 
definitively confirm the presence of the radical on the surface. 
3.3.2 Introduction 
Stable radical molecules have drawn attention in the world of molecular 
1 0 
electronics. ' In terms of spintronics, organic molecules hold the advantage over metals 
and semiconductors of weak spin-orbit and hyperfine interactions, which leads to the 
possibility of preserving spin-coherence over greater time spans and distances. ' Beyond 
spintronics, the redox-stable behavior of organic radicals is also interesting from the 
vantage of charge-based memory and even battery applications.4'5 To date, however, 
much remains to be understood about the attachment of radical molecules to substrates 
and their resulting behavior.1 
The synthesis of the radical target molecule, Rad (Figure 3.3.1), was inspired by 
the efficient synthesis of a stable alkoxyarylaminyl radical designed by Miura et al.6 for 
EPR studies. Due to our interest in attaching this stable radical species onto a silicon 
surface to determine the resulting electrical properties, a molecule was synthesized with 
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the same stable radical structure, but with the addition of a free-alkyne available for 
hydrosilylation onto a hydrogen passivated Si surface. Oxidized aryl amines are known to 
be reactive species toward hydrogen passivated silicon;7 therefore, it was critical to 
employ a good deal of steric bulk around this moiety to prevent reaction with the silicon 
surface during hydrosilylation. The bulky tert-buty\ and phenyl groups installed into the 
two ortho-positions relative to the aryl aminyl radical as well as the branched alkyl chain 
on the other side of the radical effectively shield the reactive moiety. Hydrosilylation was 
preferred over diazonium salt chemistry since it is less prone to multilayer formation and 
radical side reactions. For surface-based EPR measurements, lower molecular coverage 
is required to prevent the spins of the radical molecules from coupling with one another. 
\ ) 
Rad 
Figure 3.3.1. Structure of the alkoxyarylaminyl radical, Rad, synthesized with a terminal 
alkyne for hydrosilylation onto hydrogen passivated silicon surfaces inspired by the 
structure synthesized by Mirua et al.6 for their radical studies. 
3.3.3 Synthesis 
Beginning with commercially available 2-teTt-butylaniline, electrophilic 
iodination using h installs an iodide in the para position (Figure 3.3.2). Next, 
bromination with JV-bromosuccinimde (NBS) provided a mixture of the desired 
brominated product, Radpi, with various byproducts resulting from exchange of iodide 
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with bromide. These two halides served as discriminatory handles for transition metal-
catalyzed couplings as the energetic barrier for oxidative insertion into aryl bromide is 
substantially higher than that of an aryl iodide, allowing for selective coupling. 
/ = \ K2C03, l2 / = < NBS 
(\
 7 K N H 2 * - \—L 7 V N H 2 , 
V ^ H20,CH3CN \—V AcOH,CH2CI2 
73 % 60 % '0 
Figure 3.3.2. Synthesis of the radical precursor, Radpi. 
Two palladium cross-coupling reactions to the halides provided the frame of the 
stable radical molecule. A coupling to tri(wo-propyl)silylacetylene (TIPSA) under 
Sonogashira conditions, initially cooled to 0 °C and then allowed to warm to it, results in 
coupling exclusively with the iodide in the para position, yielding Radp2 (Figure 3.3.3). 
Then, a phenyl group was appended in lieu of the bromide in the ortho position using a 
Suzuki coupling to phenylboronic acid, producing Radp3. The triO'so-propytysilyl (TIPS) 
protecting group has been selected in the first step to avoid deprotection of the alkyne 
under the basic conditions of the Suzuki coupling, as would be the case with the 
commonly employed trimethylsilyl (TMS) protecting group. Initial attempts to perform 
the Sonogashira coupling before the NBS bromination resulted in cleavage of the silyl 
protection group duing the bromination step, regardless of whether TMS- or TIPS-
protecting groups were employed, therefore, it was preferable to perform both 
halogenations steps first. 
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Figure 3.3.3. Synthesis of the radical precursors, Radp2 and Radp3. 
Next, the aniline of Radp3 was oxidized to the nitroso species using meta-
chloroperoxybenzoic acid (m-CPBA) at 0 °C (Figure 3.3.4). The progress of the reaction 
was monitored by TLC until the starting material was consumed. The reaction produced a 
mixture of the desired nitroso product and the fully oxidized nitro product, which was 
isolated for use in other projects. The mixture was separated by column chromatography 
to yield the pure nitroso product as a bright-green oil. 
TIPS 
Rad P3 
m-CPBA 
NH2 — - TIPS = ^ ^ N O + TIPS = ^ 
2 8 % 
Figure 3.3.4. Oxidation of Radp3 into the aryl nitroso RadP4. 
The generation of the radical was done in a manner similar to the procedure used 
by Mirua et al.6 The green nitroso compound was refluxed in benzene with the diazo 
radical initiator (Figure 3.3.5) to form the bright red radical species which was purified 
on alumina. Since the desired product is known to slowly undergo further JV-alkylation 
reactions if allowed to react with the radical initiator for too long,6 the reaction was 
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always halted after roughly 50% of the starting material was consumed based on TLC 
analysis, and the product and starting material were isolated by chromatography. 
CN N-
TIPS 
"N CN 
TIPS 
benzene, 80 C 
85% 
Rad P4 Rad P5 
Figure 3.3.5. Synthesis of radical RadP5 from RadP4. 
The radical molecule was then subjected to a tetrabutylammonium fluoride 
(TBAF) under argon at 0 °C for 5 min to yield the product (Figure 3.3.6). The molecule 
decomposed rapidly upon exposure to silica gel, and therefore required some effort to 
determine the best workup conditions: a water workup with MgSC>4 drying to yield a dark 
red oil. The presence of the radical interferes with NMR analysis; therefore EPR and 
high-resolution mass spectroscopy (HRMS) were used to confirm the structure of the 
radical species. 
TIPS 
TBAF 
0 C 
45% 
Rad P5 Rad 
Figure 3.3.6. Removal of the TIPS protecting group, yielding Rad. 
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3.3.4 Experimental 
All reactions were performed under an atmosphere of N2 unless otherwise stated. 
Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl. Triethylamine 
(TEA) and dichloromethane (CH2CI2) were distilled from CaH2 under N2. 
Bis(triphenylphosphine)palladium(II) dichloride was prepared according to literature 
procedures.9 Silica gel plates were 250 mm thick, 40 F254 grade obtained from EM 
Science. Silica gel was grade 60 (230-400 mesh) from EM Science. Alumina (activated, 
neutral, 50-200 micron) was purchased from Acros. All new compounds were named 
using the Beilstein Autonom feature. 
Synthesis of 2-Bromo-6-terf-butyl-4-iodo-phenylamine (Radpi). A 250 mL 
round bottom flask was charged with 4-iodo-2-tert-butylaniline10 (6.30 g, 22.9 mmol), 
CH2CI2 (100 mL), and AcOH (20 mL). The solution was cooled to 0 °C and NBS (4.08 g, 
22.9 mmol) was added. After 30 min, the reaction was quenched with a sat. sol. of 
NaHCC>3, extracted with CH2CI2, and dried with MgS04. The crude mixture was purified 
by silica gel chromatography (100% hexanes) and the center, beige band was isolated to 
yield 4.85 g (60%) of an off-white solid. IR: 3502, 3381, 3084, 3066, 3028, 2960, 2910, 
2869, 2842, 1605, 1466, 1425, 1387, 1366, 1331, 1245, 1198, 1068, 959, 862, 818, 738, 
694, 665 cm'1. !H NMR (500 MHz, CDC13) 5 7.63 (d, J= 2.0 Hz, 1H), 7.41 (d, J= 2.0 
Hz, 1H), 4.43 (br s, 2H), 1.40 (s, 9H); 13C NMR (500 MHz, CDC13) 5 141.96, 138.24, 
137.16, 134.88, 112.86, 78.96, 35.14, 29.56. HRMS calcd for Ci0Hi3BrIN: 352.9276, 
found: 352.9274. 
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Synthesis of 2-Bromo-6-/e/,/-butyl-4-[(triisopropylsilanyl)-ethynyl]-
phenylamine (Radp2). An oven-dried, 100 mL round bottom flask was charged with 
RadP1 (4.85 g, 13.8 mmol), Pd(PPh3)2Cl2 (100 mg, 10 mol%), Cul (50 mg, 2 mol%), and 
THF (50 mL) under Ar. The mixture was cooled to 0 °C and TEA (10 mL) and TIPS A 
(3.70 mL, 16.6 mmol) were added. The reaction was slowly allowed to warm to rt 
overnight. The crude reaction mixture was then poured into water, extracted with CH2CI2, 
and dried over MgS04. The product was further purified on silica gel chromatography 
(100% hexanes) to yield 4.67 g (83%) of an amber oil. IR: 3514, 3396, 2957, 2939, 2863, 
2754, 2727, 2362, 2338, 2144, 1616, 1540, 1466, 1446, 1395, 1363, 1298, 1245, 1209, 
1054, 1015, 995, 948, 880, 833, 800, 671 cm"1. *H NMR (500 MHz, CDCI3) 5 7.51 (d, J 
= 1.8 Hz, 1H), 7.30 (d, J= 1.8 Hz, 1H), 4.57 (br s, 2H), 1.42 (s, 9H), 1.14 (s, 21H); 13C 
NMR (500 MHz, CDC13) 5 141.96, 138.24, 137.16, 134.88, 112.86, 78.96, 35.14, 29.56. 
HRMS calcd for C2iH34BrNSi: 407.1644, found: 407.1638. 
T I P S - ^ — i /—NH2 
Synthesis of 3-tert-Butyl-5-[(triisopropyIsilanyl)-ethynyl]-biphenyl-2-ylamine 
(Radp3). To a 500 mL round bottom flask was added DI water (120 mL), toluene (120 
mL), and K2CO3 (20 g, 145 mmol) and the mixture was taken through three freeze-pump-
thaw cycles in liquid N2 to ensure the removal of 02 . To a second 500 mL round bottom 
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flask was added Radp2 (6.80 g, 16.6 mmol), phenylboronic acid (2.50 g, 20.5 rnmol), 
Pd(OAc)2 (170 mg, 5 mol%), and PPh3 (375 mg, 1.43 mmol), and the flask was 
evacuated and refilled with Ar (3x). The degassed contents of the first flask were then 
cannulated into the second flask, and the reaction mixture was heated to 100 °C for 24 h 
under Ar. The crude reaction mixture was then poured into water, extracted with CH2CI2, 
and dried over MgS04. The product was further purified on silica gel chromatography 
(9:1 hexanes/CH2Cl2) to yield 4.35 g (64%) the desired product. IR: 3514, 3402, 3087, 
3057, 3025, 2960, 2939, 2860, 2718, 2156, 2132, 1616, 1463, 1428, 1245, 1071, 995, 
951, 880, 847, 759, 706, 671 cm"1. ]H NMR (500 MHz, CDCI3) 8 7.44 (m, 7H), 7.19 (d, J 
= 1.9 Hz, 1H), 4.12 (br s, 2H), 1.48 (s, 9H), 1.16 (s, 21H); 13C NMR (500 MHz, CDCI3) 8 
142.62, 139.56, 133.35, 132.56, 130.18, 129.89, 129.35, 129.15, 128.99, 127.72, 126.78, 
112.36, 108.75, 87.39, 34.67, 29.89, 19.02, 11.71. HRMS calcd for C27H39NSK 405.2852, 
found: 405.2850. 
TIPS—=—<( ^ N O 
Synthesis of (5-/e#,/-Butyl-6-nitroso-biphenyl-3-ylethynyl)-triisopropyl-silane 
(RadP4). To an oven dried 250 mL round bottom flask was added Radp3 (3.00 g, 7.39 
mmol) and freshly distilled CH2CI2 (50 mL) and the solution was cooled to 0 °C under 
Ar. In an oven dried 100 mL round bottom flask was placed w-CPBA (77% max, 1.82 g, 
8.12 mmol) and 50 mL of distilled CH2CI2. Over 5 min, the contents of the second flask 
were cannulated into the first flask. The mixture was allowed to stir at 0 °C for 15 min. 
The crude reaction mixture was then poured into water, extracted with CH2CI2, and dried 
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over MgS04. The product was further purified on silica gel chromatography (100% 
hexanes) to yield 1.26 g (73%) the desired green oil (based on 1.26 g of Radp3 
recovered). IR: 2945, 2890, 2863, 2153, 1587, 1493, 1463, 1398, 1363, 1313, 1269, 
1216, 1121, 1071, 998, 945, 883, 750, 685 cm"1. !H NMR (400 MHz, CDC13) 8 7.71 (d, J 
= 1.6 Hz, 1H), 7.29 (m, 3H), 7.08 (d, J= 1.6 Hz, 1H), 6.77 (m, 2H), 1.65 (s, 9H), 1.13 (s, 
21H); 13C NMR (500 MHz, CDC13) 5 166.29, 151.46, 139.18, 133.96, 130.31, 129.35, 
128.91, 128.55, 127.88, 127.63, 126.89, 124.51, 106.53, 95.63, 37.17, 32.99, 18.90, 
11.50. HRMS calcd for C27H37NOSK 419.2644, found: 419.2643. 
Synthesis of 2-(N- {3-tert-Butyl-5- [(triisopropylsilanyl)-ethynyl] -biphenyl-2-
yl}aminoxyl)-2,4-dimethyl-pentanenitrile (Radps). An oven dried 250 mL round 
bottom flask was charged with RadP4 (1.26 g, 3.00 mmol) and distilled benzene (60 mL) 
was added under Ar. A 120 mL round bottom flask was charged with 2,2'-azobis(2-
cyano-4-methylpentane) (0.750 g, 3.00 mmol) and benzene (60 mL) was added under N2. 
The contents of the second flask were then transferred to the first, a reflux condenser was 
attached, and the reaction mixture heated to 80 °C. The solvent was removed in vacuo, 
and the mixture was purified on alumina to yield 1.34 g (85%) of a red oil. IR: 2954, 
2936, 2863, 2159, 1466, 1363, 1266, 1166, 942, 883, 700 cm"1. HRMS calcd for 
C34H49N2OSi»: 529.3614, found: 529.3617. Note that the presence of the radical 
interfered with NMR characterization techniques, but allowed for investigations of the 
radical structure using solution-based EPR analysis (Figure 3.3.7A). 
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Synthesis of Rad. An oven dried 50 mL round bottom flask was charged with 
Radps (127 mg, 0.240 mmol) and distilled CH2CI2 (25 mL) under Ar. The solution was 
cooled to 0 °C and 0.30 mL of TBAF was added. After 5 min, the crude reaction mixture 
was then poured into water, extracted with CH2CI2, and dried over MgS04. The crude 
product was chromatographed on alumina preparative TLC plates twice to yield 40 mg 
(45%) of a red oil. IR: 3537, 3284, 2957, 2866, 2235, 1466, 1393, 1369, 1357, 1269, 
1163, 1060, 956, 880, 839, 691 cm-1. HRMS calcd for C25H29N2O: 373.2280, found: 
373.2277. Note that the presence of the radical interfered with NMR characterization 
techniques, but allowed for investigations of the radical structure using solution-based 
EPR analysis (Figure 3.3.7B).6 
3.3.5 Results and Discussion 
While the unpaired spin of the radical causes distortions in the NMR spectra, it 
does allow EPR to be employed for characterization. EPR is similar in theory to NMR 
spectroscopy, but it uses a much weaker magnetic field to manipulate unpaired electron 
spins. The EPR spectrum of both the TIPS-protected precursor, RadP? (Figure 3.3.7A), 
and the final Rad structure (Figure 3.3.7B) possessed the same triplet pattern observed by 
Mirua et al.6 during the EPR analysis of their alkoxyarylaminyl radical (Figure 3.3.7D). 
Combined with our IR and HRMS characterization, this EPR data provided solid 
evidence that we had achieved our target Rad structure. 
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Recovered grafting 
solution after assembly 
Figure 3.3.7. EPR spectra for solutions of alkoxyarylaminyl radicals. (A) EPR 
spectrum for the TIPS-protected radical, RadP5, in hexanes. (B) EPR spectrum for Rad in 
hexanes. (C) EPR spectrum for the grafting solution, Rad in mesitylene, recovered after 
thermal hydrosilylation of a hydrogen passivated Si(lll) surface in the solution. 
(D) Published EPR spectrum for a similar aryl aminyl radical.6 
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Rad (10 mg) was dissolved in freshly distilled and degassed mesitylene (10 mL), 
a hydrogen passivated Si(l 11) shard was added, and the sample was heated to 100 °C for 
10 h in the glove box. The recovered grafting solution was subsequently analyzed by 
EPR (Figure 3.3.7C). While its intensity was weaker, the triplet signal was still observed 
in the EPR spectrum of the grafting solution, providing a good indication that the 
molecule has adequate thermal stability under the grafting conditions. XPS analysis of 
the Si(l l l) surface with the radical molecules deposited (Figure 3.3.8) demonstrated a 
relatively high carbon content (90.4%), and a reasonable nitrogen content (6.6%). This 
equated to a 13.7% observed C:N ratio, which is close to the 12.5% C:N ratio in the 
molecular structure of Rad. 
Hence, the circumstantial evidence for the survival of the radical on the surface 
after grafting was good; however, direct verification by surface EPR analysis was not 
possible using available equipment. We began this surface-bound, organic radical effort 
alongside Prof. Stephen Lyons and EPR Spectroscopist Alexei Tyryshkin, both of 
Princeton University, through a collaboration arranged by Prof. Douglas Natelson of Rice 
University. Sadly, the initial radical molecule synthesized for the project, a TEMPO 
derivative, failed to produce a surface EPR signal after molecular grafting. Subsequently, 
our Princeton collaborators began pursuing their goals by alternative means, which 
resulted in a de facto disbanding of the collaboration prior to the completion of the 
synthesis of Rad. Now lacking the necessary surface EPR equipment and expertise, we 
must settle for the circumstantial evidence, at least until a new collaboration can be 
formed to address our deficiencies. 
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Figure 3.3.8. XPS analysis and atomic concentration table for the Si(lll) surface after 
hydrosilylation of Rad. 
3.3.6. Conclusion 
A stable alkoxyarylaminyl radical was synthesized for hydrosilylation attachment 
to a hydrogen passivated Si surface in pursuit of molecular electronics applications. 
While the molecule was successfully synthesized, verifying the survival of the radical 
structure after grafting to a Si surface proved challenging. Solution-based EPR analysis 
confirmed existence of the radical in the hydrosilylation grafting solution before and after 
grafting. XPS analysis of the grafted surface confirmed good carbon and nitrogen signals, 
but lacks the detail required to confirm that the radical itself is still present. Surface EPR 
is not available to verify the result. 
3.3.7. Contributions 
I performed all of the synthesis and characterization of the molecules and 
substrates in this section. The solution-based EPR analysis was performed by Dr. Marian 
Fabian of Rice University. A special thanks to Jun Yao for cutting the silicon wafers for 
the silicon EPR studies and to Dr. Tao He for experimental advice. 
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Chapter 4 
Silicon Molecular Modification for Surface Protection 
228 
4.1 Diazonium Salt Grafting with Alkene Thermal Hydrosilylation Backfill 
To Limit Si Surface Oxidation 
4.1.1 Section Abstract 
Here we report a two-step protocol for the modification of hydrogen passivated 
Si(l l l) surfaces involving the formation of an initial molecular layer using spontaneous 
aryl diazonium salt grafting, followed by a thermal hydrosilylation backfill of unreacted 
Si-H sites using terminal alkenes. This procedure was tested using three fluorinated aryl 
diazonium salts and three terminal alkenes (C6, Cn, and Cis). Thermal hydrosilylation 
was done under sealed system pressures, allowing for the successful grafting of shorter 
alkenes and the use of moderate hydrosilylation grafting temperatures. X-ray 
photoelectron spectroscopy (XPS: Cls, Fls) verified the appropriate carbon and fluorine 
concentration after each grafting for all of the diazonium salt and alkene combinations. 
Additional XPS (Si2p) analyses were performed at one and two weeks after grafting and 
backfilling to determine the rate of surface oxidation; the results were compared to 
samples receiving only aryl diazonium salt or only hydrosilylation grafting. The two 
surface chemistries were compatible, and while hydrosilylation alone offers the best 
resistance to surface oxidation, surfaces receiving the backfill treatment are afforded 
better protection against surface oxidation than aryl diazonium grafting alone. 
4.1.2 Introduction 
Silicon is the most important platform to the electronics industry with enormous 
investment having been made into the manufacturing and characterization of silicon 
devices, making it perhaps the most studied material in human history. It is critical to 
understand and control silicon surface chemistry in order to further develop sensing and 
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nanoelectronics applications. For molecularly modified electronics studies on silicon 
surfaces, which often rely on reactive hydrogen-passivated silicon for molecular 
attachment,1 controlling subsequent surface oxidation can be critical to device reliability 
and reproducibility. 
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Figure 4.1.1. Proposed mechanism of hydrosilylation of a terminal alkene with a 
hydrogen passivated Si(l 11) surface.2 
Several methods of covalent molecular surface modification for silicon have been 
explored. ' One of the most common methods is grafting of terminally unsaturated 
molecules onto hydrogen passivated silicon substrates using hydrosilylation chemistry. 
This grafting process (Figure 4.1.1) is thought to proceed via homo lytic cleavage of the 
silicon-hydrogen bond, followed by formation of a silicon-carbon covalent bond via 
radical attack upon the terminal end of an alkene or alkyne. The alkene or alkyne is 
subsequently reduced when the resulting carbon radical abstracts a hydrogen atom from a 
neighboring silicon atom, forming another silicon surface radical and propagating the 
grafting process (Figure 4.1.1).2 The homolytic cleavage of the silicon-hydrogen bond 
has been initiated in a number of different ways. One method used to start the homolytic 
cleavage process involves the inclusion of a radical initiator, such as diacylperoxides or 
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stable radical species such as TEMPO derivates.4 However, control experiments indicated 
that temperatures > 150 °C can promote the hydrosilylation process in the absence of a 
radical initiator via thermally initiated homolytic cleavage of the silicon-hydrogen bond. 
Such thermal hydrosilylation is preferably performed using the neat, unsaturated 
molecule as the reaction medium; however, small quantities of the unsaturated molecule 
have been grafted in solutions of inert solvents, such as xylenes and mesitylene, at 
temperatures as low as 140 °C.5 Room temperature hydrosilylation has also been 
observed using light, both at UV and visible wavelengths, to form the initial surface 
radicals for some silicon substrates.2 For terminal alkynes, it has recently been shown that 
thermal activation becomes the dominate activation process at > 50 °C.6 
The electrochemical grafting of aryl diazonium salts onto hydrogen passivated 
silicon under an applied bias has been known for more than 10 years.7 More recently, it 
was observed that many aryl diazonium salts spontaneously graft onto hydrogen 
passivated silicon, as well as gallium arsenide and palladium surfaces, in the absence of 
an applied bias. Aryl diazonium salt grafting (Figure 4.1.2) is thought to proceed via an 
initial injection of an electron from the surface into the diazonium functionality, which, in 
turn, homolytically cleaves from the aryl group and is released as N2. Once the diazonium 
salt's counter ion abstracts a proton from the surface, the residual aryl radical combines 
with the surface radical to produce a silicon-carbon covalent bond or attacks and abstracts 
a hydrogen atom from the surface (not shown), forming another silicon surface radical 
that propagates the grafting process (Figure 4.1.2). Like hydrosilylation, diazonium salt 
Q I T 
grafting demonstrates good functional group tolerance; " however, diazonium salts offer 
an advantage over hydrosilylation in the formation of a covalent aryl-silicon bond, as 
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well as rapid monolayer formation at room temperature in the absence of chemical or 
light activation. Moreover, the aryl substituents lead to electronically functional 
molecules being attached due to the wide variety of substituents permitted on the aryl 
addends.8-13 
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Figure 4.1.2. Proposed mechanism for the spontaneous grafting of aryl diazonium salts 
onto a hydrogen passivated Si(l 11) surface.8 
As much of the early work in molecular electronics relied on gold substrates, 
thermodynamically-controlled thiol/gold grafting dominated the landscape. 
Complementary approaches were required to produce and validate single-molecule 
electrical measurements;14 for example, measurements made from gold break-junction15 
devices were validated by STM measurements of molecules grafted onto gold surfaces.16" 
While the break-junction used a molecular layer comprised of a single molecular 
species, STM measurements often relied on the self-assembly of a molecule of electrical 
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interest, such as the bipyridyldinitro (BPDN)-containing switching molecule, buried in a 
matrix of electronically less active alkanethiols.16"19 Although this mixed molecule 
system has been extensively been studied on gold, such a two-step grafting process on 
silicon has not been explored. Therefore, we choose to investigate the combination of 
spontaneous diazonium salt grafting to insert molecules of electronic interest with 
thermal hydrosilylation to graft terminal alkene molecules to complete passivation of the 
surface. This will also improve its resistance to oxidation because residual Si-H residues 
are very susceptible to oxidation, far more than Si-C bonds.8 
With thiol/gold studies, the electronically less-active alkanethiol is first assembled 
onto the surface, and then the thiols of electronic interest are assembled into the defect 
sites.16"1 However, when combining the two grafting chemistries on silicon, there are 
two issues with performing the hydrosilylation before the aryl diazonium salt grafting. 
First, the tightly-packed monolayers that are formed and irreversibly bound to the silicon 
surface during thermal hydrosilylation leave little to no Si-H binding sites available for 
the relatively bulky aryl diazonium salts to attack. Second, the diazonium salt moiety is 
unstable (compared to general terminal alkenes) and can readily cleave homolytically 
from other activations, resulting in attack on the organic moieties already present on the 
surface rather than on the surface itself. In contrast, since molecular films produced by 
aryl diazonium salt grafting lack the packing density of thermally hydrosilylated alkene 
films, and since the straight-chained terminal alkenes that are used for thermal 
hydrosilylation have a much smaller footprint and more rotational freedom, they are more 
likely to backfill the gaps in the initial aryl diazonium salt-grafted films. Additionally, 
ordering the molecular graftings such that the more reactive diazonium salt grafting is 
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performed first, lessens the possibility of solution-based molecule-molecule reactions 
(such as to azobenzenes) and maximizes the potential for molecular-surface reactions. 
Wang and Buriak have carried out the combination of diazonium salt grafting 
with hydrosilylation. In that investigation the purpose was to trap the resulting surface 
radical formed during the diazonium salt grafting using terminally unsaturated molecules 
in a one-pot fashion. The present investigation of a two-step method contrasts with 
Buriak's study by forcing the remaining Si-H residues to react with excess terminal 
alkenes. A morphology from Buriak's surface radical trapping methodology would be 
different when compared to the backfill process, although each morphology may have 
unique advantages. 
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Figure 4.1.3. Three fluoride-bearing aryl diazonium salts used for diazonium salt grafting 
onto hydrogen passivated silicon substrates. 
The fluoride-bearing diazonium salts shown in Figure 4.1.3 were used in the 
diazonium salt grafting step. Fluoride-containing compounds facilitate X-ray 
photoelectron spectroscopy (XPS) analysis because the distinct fluoride signal can be 
distinguished from the subsequent alkane moiety additions.4'21"25 Many of the molecules 
that have been assembled or grafted onto metallic and silicon substrates and that possess 
switching properties are conjugated oligo(phenylene ethynylene) (OPE) or 
oligo(phenylene vinylene) (OPV) structures, often containing nitrogen in the form of 
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pyridine, nitro, and amino functionalities. While both carbon (Cls) and nitrogen (Nls) 
signals are detected in XPS, the absorption of adventitious gases from the atmosphere 
onto the silicon substrate can mask or artificially increase these signals. Therefore, 
fluoride is a particularly useful diagnostic handle. Moreover, carbon-fluorine bonds are 
largely inert compared to other carbon-halogen bonds in the presence of radical species 
and fluorine (Fls) signals are clearly resolved by XPS. Therefore, we chose to analyze 
the Cls and Fls signals in combination to provide clear measurement of the amount of 
aryl diazonium salt grafted onto the hydrogen passivated silicon surface. 
For the thermal hydrosilylation backfill, performing the grafting experiments at 
elevated temperatures and pressures in a screw-capped pressure tube was explored using 
the three terminal alkenes (1-hexene, 1-dodecene, and 1-octadecene). Using a screw-
capped pressure tube offers advantages over using a flask and condenser setup by 
minimizing sources of contamination, allowing for better alkene containment, and better 
control over atmosphere during reaction set-up; all of which is critical since moisture and 
oxygen25 are of great consequence to the quality of the resulting film. Small glass vials, 
used to prevent the samples from stacking together during the assembly, are placed inside 
a screw-cap pressure tube. The pressure tube is then flame dried with the vials inside, and 
then brought into an N2 glove box for packaging. Once inside, the samples are 
individually loaded into the glass vials, placed back inside the pressure tube, and the 
distilled and degassed neat terminal alkene can be introduced to the pressure tube. Then 
the pressure tube can be sealed with a screw-cap, removed from the glove box, and 
heated within an oil or sand bath. In addition to minimizing sources of glassware and 
atmospheric contamination, using a pressure tube allows for the heating of the neat 
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alkene well above its boiling point, increasing its reactivity with the surface, while 
minimizing alkene loss, making hydrosilylation of lower boiling alkenes possible. 
To determine how well the silicon surface is passivated by the grafting 
techniques, both individually and in a graft/backfill fashion, the amount of oxidation of 
the silicon surface in air was monitored by XPS Si2p analysis at one and two weeks after 
grafting. Monitoring the amount of surface oxidation has been frequently used as a 
benchmark for the quality of molecular films,4'22"25 as the rate of surface oxidation 
depends on the ability of water and oxygen to permeate the molecular layer and reach 
unoccupied hydrogen passivated silicon sites. Once the samples are exposed to ambient 
lab atmosphere, the greater the surface coverage and the tighter the packing of the 
molecular layers, the lower the rate of surface oxidation. 
4.1.3 Experimental 
The syntheses of the diazonium salts were previously reported.8,26"28 All alkenes 
(Sigma-Aldrich, > 99% 1-hexene, > 99% 1-dodecene, > 95% 1-octadecene) were distilled 
over CaH2 under argon. CH3CN (Sigma-Aldrich, 99.8%, anhydrous), was degassed with 
argon for 30 min prior to use. CHCI3 (HPLC, Aldrich) was degassed with argon prior to 
use and stored over 2 A molecular sieves in the glove box. Silicon (111) wafers (boron-
doped, 0.010 - 0.050 Q-cm, 280 ± 20 urn thick) were purchased from the Institute of 
Electronic Materials Technology. Buffered-oxide etch (BOE, 6:1) was CMOS grade from 
J. T. Baker, and was degassed with argon at least 30 min prior to use. Screw-capped 
pressure tubes were purchased from Ace Glass: 17.8 cm x 25.4 mm outer diameter (8648-
26) pressure tube with a PTFE #15 plug (5845-47). The pressure tube was flame dried 
with glass vials inserted inside prior to use. In this manner, multiple samples could be 
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inserted into a single pressure tube by placing a silicon shard in each vial, stacking the 
uncapped vials vertically inside the pressure tube, and then filling the pressure tube with 
a common alkene. CA UTION: The screw cap tube should never be filled with solvent to a 
depth higher than 60% of its height; a sufficient non-solvent volume must be maintained 
to permit for solvent and gas expansion. 
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Figure 4.1.4. Schematic of diazonium salt grafting / thermal hydrosilylation backfill 
procedure. 
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General Grafting Procedure. Si(l l l) shards were etched in BOE for 5 min to 
ensure complete removal of the oxide and hydrogen passivation of the surface. Samples 
were then removed, thoroughly rinsed with DI water, brought into an N2-filled glove box, 
and then heated to 120 °C on a hot plate for 2 min to ensure dryness. After cooling, 
samples were placed in a diazonium salt solution (5 mg of diazonium salt per 10 ml 
CH3CN) for 5 min. After grafting, samples were thoroughly rinsed with CH3CN and 
dried under a stream of N2. After removal from the glove box, samples were placed back 
in the degassed BOE solution for 30 s to remove any silicon oxide formed during the 
diazonium salt grafting, then were thoroughly rinsed with DI water and brought back 
into the glove box. After heating the samples to 120 °C on a hot plate for 2 min to ensure 
dryness, samples were cooled, placed inside of a screw-capped pressure tube and the neat 
alkene was added. The pressure tube was sealed, removed from the glove box, and heated 
in an oil bath at the grafting temperature (120 °C for C6, 140 °C for Cl2, and 160 °C for 
Cig) for 2.5 h. After cooling, the pressure tube was brought back into the glove box and 
the samples were removed, rinsed with CHCI3, and dried under a stream of N2. Samples 
were removed from the glove box and immediately analyzed by XPS. XPS analysis was 
repeated after 1 and 2 weeks in air to comparatively monitor the extent of surface 
oxidation for samples receiving the backfill treatment, only diazonium salt grafting 
treatment, and only hydrosilylation grafting. 
4.1.4 Results and Discussion 
Table 4.1.1 lists the XPS data for hydrogen passivated Si(l l l) shards that 
received only the thermal hydrosilylation treatment in Ce, C12, and Ci8 terminal alkenes 
after 2.5 h in the screw-capped pressure tube at 120 °C, 140 °C and 160 °C, respectively. 
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As expected, the longer alkene molecules produced the higher carbon (Cls) 
concentrations, increasing -10% between C^ and C12, and -20% between C6 and Cig. 
While the carbon content of the molecules doubles between C6 and C12, and triples 
between C^ and Cig, the longer molecules have higher rotational freedom and can occupy 
larger surface areas, sterically hindering the approach and subsequent binding of other 
molecules to neighboring silicon sites, limiting the increase in the carbon (Cls) signal. A 
small amount of residual fluorine (< 0.5%) is observed on the surface as a byproduct of 
the etching and hydrogen passivation process; this is to be expected, and based on some 
proposed mechanisms for hydrosilylation, required in catalytic quantities for the grafting 
process to proceed efficiently.2 
c6 
C,2 
c,8 
Hydrosilylation Only 
Si2p 
60.8% 
51.0% 
42.6% 
Cls 
38.8% 
48.9% 
57.2% 
Fls 
0.4% 
0.1% 
0.2% 
Table 4.1.1. Relative concentration of silicon, carbon, and fluorine based on XPS 
analysis of the Si2p, Cls, and Fls signals for hydrogen passivated Si(lll) substrates 
receiving only thermal hydrosilylation treatment in neat Ce, C12, and Cig terminal alkenes 
in a screw-capped pressure tube. 
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Backfill 
Alkene 
None 
c6 
C-12 
Clg 
F-
Si2p 
63.8 % 
55.0 % 
39.3 % 
37.1 % 
F 
1 
C1s 
26.4 % 
42.8 % 
58.7 % 
61.6% 
BF4 
F1s 
9.8 % 
2.2 % 
2.0 % 
1.3% 
F F 
2 
Si2p 
66.7 % 
58.6 % 
45.0 % 
39.9 % 
C1s 
16.4% 
39.0 % 
52.9 % 
58.1 % 
M2BF4 
F1s 
16.9% 
2.5 % 
2.0 % 
2.0 % 
F F 
Si2p 
46.4 % 
48.8 % 
47.2 % 
41.8% 
3 
C1s 
38.8 % 
42.2 % 
45.9 % 
53.0 % 
^ N 2 B F 4 
F1s 
14.8% 
9.0 % 
6.9 % 
5.2 % 
Table 4.1.2. Relative concentration of silicon, carbon, and fluorine based on XPS 
analysis of the Si2p, Cls, and Fls signals for hydrogen passivated Si(lll) substrates 
receiving only diazonium salt grafting and those receiving thermal hydrosilylation 
backfill with Cs, Cn, and Cis terminal alkenes. 
Table 4.1.2 lists the relative concentration of silicon, carbon, and fluorine based 
on XPS analysis of the Si2p, Cls, and Fls signals for hydrogen passivated silicon 
samples receiving diazonium salt grafting alone, along with samples receiving diazonium 
salt grafting and thermal hydrosilylation backfill with C6, C12, and Cig terminal alkenes. 
For the samples receiving only diazonium salt grafting, the relative carbon (Cls) 
concentration is generally lower than for hydrosilylation grafting alone. Only the longer 
OPE-diazonium salt molecule 3 has a carbon (Cls) signal that is comparable to the 
shortest alkene (C^) hydrosilylated surface, while the other two diazonium salts produce 
samples with carbon (Cls) signals approximately 20% - 40% less than the samples 
receiving only thermal hydrosilylation. The aryl rings attached to the surface from 
diazonium salt grafting occupy a larger surface area resulting in a lower packing density 
than from thermal hydrosilylation, providing a lower carbon signal. However, the ratio of 
Fls:Cls signals is reasonable for each of the diazonium salts. For diazonium salt 1, the 
calculated F:C ratio is 1:2 (50%) while the observed ratio is slightly lower at 
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approximately 2:5 (40%). For 2 the calculated F:C ratio is 1:1 and the observed ratio is 
approximately 1:1, and for 3 the calculated F:C is 5:14 (36%) and the observed ratio is 
approximately 15:39 (38%). This verifies the diazonium salt grafting and indicates that 
minimal fluorine is lost during the grafting process. 
The data in Table 4.1.2 also shows increasing carbon (Cls) signals with longer 
alkene molecules for each of the backfilled samples, similar to the trend observed in 
Table 4.1.1 for samples receiving only hydrosilylation. Additionally, in Table 4.1.2, it is 
observed that the diazonium salt grafting without the backfill procedure provides the 
highest Fls signal. The fluoride concentration decreases when longer alkene molecules 
are used for backfilling due to two effects. First, while the silicon-carbon bond is 
generally inert to fluoride etching, some of the molecules will be removed from the 
surface by fluoride etching of neighboring silicon/silicon oxide sites, enhanced by the 
relatively poor packing during diazonium salt grafting. Second, as additional carbon is 
bound to the surface from the hydrosilylation backfill, the increased carbon content will 
dilute the relative fluorine concentration. 
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F 
1 
DG 
< 0.5 % 
< 0.5 % 
< 0.5 % 
2.0 % 
l w k 
1.0% 
1.5 % 
1.7% 
12.5 % 
2wk 
1.5 % 
4.5 % 
2.3 % 
14.2 % 
H 
3
 \v / / " l2Dr4 
F F 
2 
DG 
< 0.5 % 
< 0.5 % 
1.6% 
5.0 % 
l w k 
0.7 % 
1.7% 
4.5 % 
17.4% 
2wk 
2.6 % 
2.5 % 
5.9 % 
18.6 % 
F F 
DG 
1.9% 
2.9 % 
0.9 % 
2.3 % 
3 
lwk 
5.8 % 
4.8 % 
3.9 % 
13.5 % 
J^N2BF4 
2wk 
5.9 % 
6.8 % 
4.0 % 
15.7 % 
Hydrosilylation Only 
DG 
< 0.5 % 
<0.5% 
< 0.5 % 
lwk 
<0.5% 
<0.5% 
< 0.5 % 
2wk 
0.6 % 
0.8 % 
0.8 % 
Table 4.1.3. Oxidation of the silicon surface on the day of grafting (DG), after 1 week in 
air (1 wk), and after 2 weeks (2 wk) in air. Calculated by the ratio of the integration of 
SiOx signal (105.0 eV through 101.5 eV) to the integration of the Si signal (101.5 eV 
through 98.0 eV) from the XPS (Si2p) analysis. 
Table 4.1.3 displays the degree of oxidation of the silicon surfaces on the day of 
grafting and at 1 and 2 weeks after the grafting procedures, based on XPS analysis of the 
SiOx:Si ratio within the Si2p signal. For the samples receiving only hydrosilylation, the 
best resistance to surface oxidation is observed, with all of the samples demonstrating 
< 1% oxidation after 2 weeks in air. The poorest resistance to oxidation is seen in the 
samples receiving only diazonium salt grafting, yielding 15 - 20% oxidation at the end of 
the 2 weeks. The samples receiving the backfill procedure showed significantly enhanced 
resistance to oxidation, displaying between 1.5 - 7% oxidation after 2 weeks in air. In 
general, the surfaces grafted with the shorter one-ring diazonium salts 1 and 2 are 
afforded better protection from the backfill procedure than the longer OPE-diazonium 
salt 3. Presumably, the film formed from the larger molecule sterically inhibits the 
efficient etching away of the oxide formed during the initial grafting, as seen in the 
higher oxidation on the day of grafting, as well as the approach of the alkenes during the 
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backfill process, resulting in higher oxidized silicon signals throughout the experiment, 
except for the case of 2 which inhibits the large Qg insertion. For 1, the C6 alkene 
provides superior protection relative to the two longer alkenes. For 2, the protection 
afforded by the C6 and the Cn backfill are similar, while Cis proved inferior. However, 
for 3, the trend is reversed as the Qg alkene provides the superior protection relative to 
the shorter alkenes. 
4.1.5 Conclusion 
A two-step protocol has been developed for the modification of hydrogen 
passivated Si(l l l) using an aryl diazonium salt to graft an initial molecular layer 
followed by a thermal hydrosilylation backfill of terminal alkenes. This procedure was 
tested using three fluorinated aryl diazonium salts and three terminal alkenes (C6, Cn, 
Cis). Thermal hydrosilylation was performed in a screw-capped tube at elevated 
temperature and pressure, allowing for the successful grafting of shorter alkenes and the 
use of relatively low grafting temperatures. XPS (Cis, Fls, Si2p) provided reasonable 
carbon:fluorine ratios for the initial grafting, and showed the expected increasing carbon 
content with longer alkenes after backfilling. This graft/backfill procedure proved to be 
an effective method to further passivate the surface and minimize surface oxidation, 
demonstrating 8 - 19% lower surface oxidation than diazonium salt grafting alone, based 
on XPS (Si2p) analysis. Molecular layers formed by shorter diazonium salts were better 
protected against surface oxidation than the longer OPE-diazonium salt. Additionally, 
molecular layers formed from shorter diazonium salts showed better protection for 
backfilling with the shorter C$ and C12 alkenes than the longer Cis, while the longer OPE 
diazonium salt demonstrated better backfilling protection with the longer d g alkene. 
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4.1.6 Contribution 
I performed all of the synthesis, characterization, grafting, and analysis for this 
section. 
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4.2 Si Surface Modification for the Protection of MEMS Devices 
4.2.1 Section Abstract 
Controlling the tribology of silicon surfaces is of the utmost importance to the 
current and future development of MEMS devices. The hydrophilicity of poly Si surfaces 
must be reduced to address issues with release stiction after removal of sacrificial oxide 
layers in order to maximize device robustness and yields. This can be done using surface 
molecular grafting and adjusting surface morphology. In this section, we explore two 
conformal molecular grafting techniques, diazonium salt grafting and hydrosilylation, in 
the presence of an HF etchant. The two grafting techniques are explored individually on 
hydrogen passivated Si( l l l ) surfaces, which are then analyzed by water contact angle 
goniometry and XPS. The grafting techniques are also applied, individually and in 
tandem, to MEMS accelerometers which suffered from release stiction and capillary 
collapse after exposure to moisture. After receiving the grafting treatments, these devices 
demonstrate robustness when exposed to humid air or liquid water. The devices receiving 
thermal hydrosilylation survive heat treatments at 300 °C and 350 °C in air followed by 
water washes, mimicking constraints imposed by backend processing. 
4.2.2 Introduction 
Silicon is the most widely used platform for the construction of microelectronic 
mechanical systems (MElVfS). At the micron-scale dimensions used in these devices, 
controlling the tribology is critical since surface interactions dominate the resulting 
device characteristics and behavior.1"3 
One of the most important objectives for investigations into Si tribology in 
MEMS devices involves prevention of stiction, which is the undesirable adhesion 
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between MEMS elements generally caused by capillarity, van der Waals effects, or 
electrostatic attraction.1'4 Commonly applied MEMS construction methodology, known 
in general as surface micro-machining, borrows lithographic and deposition techniques 
from integrated circuit technology to define device elements in layers of poly Si on top of 
a sacrificial Si02 layer, which itself sits on an isolation layer, typically silicon nitride.1'3 
The oxide is subsequently etched away to liberate the poly Si elements, commonly with 
an aqueous HF solution.1'3 Since the final step of this release process typically involves a 
liquid water rinse, ' limiting stiction requires controlling the hydrophilicity of the 
resulting surfaces. If the surfaces are hydrophilic during drying after the water rinse (or 
subsequent water exposure), capillary (or meniscus) bridges can form between newly 
released poly Si components and can collapse or completely break device features due to 
the strong surface tension of liquid water.1"5 This issue is further exacerbated by the 
common high-aspect ratio componentry in MEMS devices, such as beams, combs, and 
cantilevers structures. Controlling surface hydrophilicity also aids in reducing 
environmental interference by caused humidity during device operation.1"4 
While stiction and hydrophilicity issues are the primary concerns of MEMS 
devices with no component contact, many MEMS devices currently being developed 
have component contact, and therefore, must also address operational wear issues to 
maximize durability and reliability by limiting friction and abrasion between 
components. Perfluoropolyethers (PFPEs) are used as lubricants in commercial hard 
drive manufacturing and, therefore, were some of the first molecules used to solve wear 
issues with MEMS structures.1'2'4 These can have terminal functionality such that they 
strongly or weakly bind to the substrate. PFPE Z-15, for example, possesses a non-polar -
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CF3 head group which can only weakly interact with the polar native oxide of the Si 
substrate, while PFPE Z-DOL has a polar -OH head group which interacts with the 
surface to a greater degree, providing more order and tighter packing of the molecular 
layer.1'2'4 Many grafted molecular films that serve as boundary lubricants to protect 
against wear also simultaneously address hydrophilicity and stiction issues by forming a 
hydrophobic film and reducing the intrinsic surface energy of MEMS components.1 
The most commonly utilized terminal functionality for covalent surface 
attachment is the silane moiety. In addition to its being bound to an alkyl (or 
perfluorinated alkyl) chain, the silane moiety possesses halogen or other leaving group 
that is readily displaced by the nucleophilic native oxide displayed on the Si surface. 
Octadecyltrichlorosilane (ODTS) is the most widely used compound for this purpose; 
however, octyldimethyl(dimethylamino)silane (ODMS), 
octadecyldimethyl(dimethylamino)silane (ODDMS), perfluorodecyltrichlorosilane 
(PFTS), and others have also been explored. M However, silane modification has the 
disadvantage of requiring the Si surface to have a native oxide layer in order for the 
grafting process to work. Since the HF etch used to remove the sacrificial oxide between 
the MEMS components and the underlying substrate also removes this native oxide, it 
must be reformed by exposure to an oxidant (usually atmospheric oxygen or H2O2) prior 
to molecular grafting, delaying the protection of the device. Additionally, polar SiOx 
surfaces have a higher surface energy and are much more hydrophilic than passivated Si 
surfaces, readily forming multi-layers of water, and therefore, are more likely to 
experience capillary-induced collapse.1"4 
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An alternative to this approach is to avoid the oxidation step and directly 
functionalize the hydrogen passivated Si surface formed during etching. One possibility 
is hydrosilylation grafting of aliphatic terminal alkenes to produce a hydrophobic 
molecular layer. This grafting process is believed to proceed by homolytic cleavage of 
the Si-H bond, followed by formation of a Si-C covalent bond by radical attack of the 
terminal end of the alkene. The alkene is subsequently reduced when the resulting carbon 
radical abstracts hydrogen atom from a neighboring Si atom, forming another Si surface 
radical and propagating the grafting process (Figure 4.2.1).7 Hydrosilylation grafting of 
1-octadecene in liquid phase8 and 1-decene in the vapor phase have been successfully 
applied to hydrogen passivated Si MEMS surfaces to address stiction issues. 
H H H 
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SK111) 
J 
Chemical, 
Thermal, 
or Light 
Activation 
c 
'0 » H 
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Si(111) 
Figure 4.2.1. Proposed mechanism of hydrosilylation of a terminal alkene with a 
hydrogen passivated Si(l 11) surface.7 
Another possibility for molecular grafting onto hydrogen passivated Si surfaces is 
spontaneous aryl diazonium salt grafting onto hydrogen passivated Si surfaces. Aryl 
diazonium salt grafting is believed to proceed via an initial injection of an electron from 
the surface into the diazonium functionality, which, in turn, homolytically cleaves from 
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the aryl group and is released as N2. Once the diazonium salt's counter ion abstracts a 
proton from the surface, the residual aryl radical combines with the surface radical to 
produce a Si-C covalent bond, or abstracts a hydrogen atom from the surface, forming 
another Si surface radical that propagates the grafting process (Figure 4.2.2).10 
Diazonium salt grafting is tolerant of a wide variety of functionality, including 
polyfluorinated moieties, which can aid in achieving the desired hydrophobicity. Also, 
the covalent Si-aryl bond results in a film with higher conductivity relative to aliphatic 
structures, which can reduce charge trapping and the resulting van der Waals forces due 
to the electrostatic charge buildup.3 Further, diazonium salt grafting has been shown to 
work in CH3CN/HF solutions, making it feasible to perform molecular grafting during 
the etching process, immediately after the hydrogen passivated Si is exposed and prior to 
the DI water rinse, maximizing the potential for device survival. Additionally, initial 
diazonium grafting with subsequent hydrosilylation backfill has been shown to be an 
effective method to maximize molecular coverage and resistance to surface oxidation 
(Section 4.1). 
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Figure 4.2.2. Proposed mechanism for the spontaneous grafting of aryl diazonium salts 
onto a hydrogen passivated Si(l 11) surface.10 
Another approach to limit surface hydrophilicity borrows inspiration from nature. 
The hydrophobic and self-cleaning nature of the lotus leaf is well-known. Studies of the 
surface morphology that produces this behavior reveals that there are regular micron-
sized features on the surface, much smaller than the size of water droplets.2'4 In addition 
to the hydrophobic aliphatic compounds displayed on these features, the surface 
roughness results in trapped air pockets that are situated between the water droplet and 
the surface which prevent the liquid water droplet from interacting with the solid 
surface.2'4 Mimicking these dimple or honeycomb-like features in poly Si MEMS 
structures provides for enhanced hydrophobicity and device protection.5 Additionally, 
surface roughening can tune dipole moment and polarizability properties of the Si 
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surfaces to aid in reducing van der Waals attractive forces, as well as minimizing 
adhesion by reducing surface energy and limiting the real surface contact area between Si 
components.1'3'5 
F-<Tj^N2+BF4-
F 
1 
Figure 4.2.3. 3,4,5-Trifluorobenzenediazonium tetrafluoroborate used for Si surface 
modification. 
Here we describe a method for conformal molecular modification in the presence 
of HF etchant using two different surface chemistries. First, we explored 1-octadecene 
hydrosilylation in the presence of HF at elevated temperatures and pressures to 
molecularly modify and roughen the Si surface. Secondly, we explored the application of 
an immediate protection layer using a polyfluorinated aryl diazonium salt, l10 (Figure 
4.2.3), during the HF etching and passivation process. Third, we explored using these two 
surface chemistries individually and in tandem (diazonium grafting with hydrosilylation 
backfill) to offer maximum protection to MEMS accelerometers suffering from stiction 
and collapse from water or humid air exposure. After grafting, the devices with the least 
surface debris were subjected to heat treatments in air and water rinses to examine the 
robustness of the resulting molecular layer. This methodology offers advantages over the 
silane surface chemistry, including binding directly to the Si surface, which eliminates 
the need for the native-oxide layer that is necessary for commonly used silane-based 
solutions. This also allows for immediate protection via covalent molecular modification 
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of the Si surface during the etching process, which is ideal for preventing device damage 
during rinsing and subsequent exposure to water. 
4.2.3 Experimental 
CH3CN (Sigma-Aldrich, 98%, anhydrous), buffered-oxide etch (J. T. Baker, 6:1, 
CMOS grade), and HF (49% aq. sol., commercial grade) were used as received. Si(ll l) 
wafers (boron-doped, 0.010 - 0.050 Qcm, 280 ± 20 urn thick) were purchased from the 
Institute of Electronic Materials Technology and were cleaned with piranha (1:1; cone. 
H2SO4 and 30% H202) at 80 °C for 30 min, and then received RCA treatment (1:1:7; 
cone. NH4OH, 30% H202, DI water) at room temperature for 30 min. MEMS 
accelerometers were donated by STMicro and were stored in a N2 glove box until use. 
After grafting Si(l l l) surfaces were analyzed by X-ray photoelectron spectroscopy 
(XPS) and goiniometry. XPS data were collected at room temperature under ultrahigh 
vacuum (~10"9 Torr) using a PHI 5700 XPS/ESCA system (PHI Quantera SXM Scanning 
X-ray Microprobe) equipped with a monochromatic Al Ka light source (1486.6 eV) using 
a takeoff angle of 45 °. The analytical spot size for all measurements was 0.10 mm * 0.10 
mm. Measurements were performed with a pass energy of 6.5 eV. Data analysis was 
performed using the MultiPak Spectrum software, V7.01. MEMS accelerometers were 
imaged by optical microscopy to determine survival of poly Si comb structures before 
and after exposure to water. A Rame-Hart CA Goniometer (Model 100-015) was used for 
water contact angle measurements. Synthesis of diazonium salt 1 was previously 
reported.10 
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Procedures for Hydrosilylation in Presence of HF. 
Bomb grafting procedure 1 (BG1). Si (111) substrates or MEMS accelerometers 
were placed CH3CN (10 mL) in a Teflon liner, and a gentle flow of argon was slowly 
bubbled through the liner throughout the process. After 5 min of bubbling, HF (2 drops, 
49% aq. sol.) was added to the liner. After 5 min of bubbling, 1-octadecene (3 mL) were 
added and the liner was capped and loaded into the Parr digest bomb, sealed, and placed 
in a preheated sand bath at 140 °C for 2.5 d. Samples were removed, rinsed with CH3CN 
(3x), rinsed with hexanes (3x), and dried under a stream of N2. 
Bomb grafting procedure 2 (BG2). Si (111) substrates or MEMS accelerometers 
were placed in CH3CN (10 mL) in a Teflon liner, and a gentle flow of argon was slowly 
bubbled through the liner throughout the etching and rinsing process. After 5 min of 
bubbling, HF (2 drops, 49% aq. sol.) was added to the liner. After 5 min, 9 mL of the 
solution was removed and of fresh CH3CN (9 mL) was added, during which it was 
critical that the surfaces were never allowed to be dry. This dilution was repeated two 
more times. After 5 min of bubbling, 1-octadecene (4 mL) was added to the liner, which 
was capped and loaded into the Parr digest bomb, sealed, and placed in a preheated sand 
bath at 160 °C for 16 h. Samples were removed, rinsed with CH3CN (3x), rinsed with 
hexanes (3x), and dried under a stream of N2. 
Procedure for Diazonium Salt Grafting in Presence of HF. Si (111) substrates 
or MEMS accelerometers were placed in the diazonium salt solution (10 mg / 10 mL of 
CH3CN) in a Teflon container while argon was slowly bubbled through the solution. 
After 5 min of bubbling, an HF/CH3CN (1 mL /10 mL) solution was slowly added to the 
diazonium solution, with continued argon bubbling, and the container was gently swirled 
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to ensure mixing. After 10 min, the samples were removed, rinsed with CH3CN (3x), and 
dried under a stream of N2. 
Procedure for Diazonium Salt Grafting and with Hydrosilylation Backfill: 
MEMS accelerometers were placed in the diazonium salt solution (10 mg / 10 mL of 
CH3CN) in a Teflon container while argon was slowly bubbled through the solution. 
After 5 min of bubbling, an HF/CH3CN (1 mL /10 mL) solution was slowly added to the 
diazonium solution, with continued argon bubbling, and the container was gently swirled 
to ensure mixing. After 10 min, the device thoroughly rinsed with CH3CN (60 mL) 
without allowing the surface to dry. Then fresh CH3CN (10 mL) was added to the Teflon 
liner, and a gentle flow of argon was slowly bubbled through the liner throughout the 
etching and rinsing process. After 5 min of bubbling, HF (2 drops) was added to the liner. 
After 5 min, 9 mL of solution was removed and fresh CH3CN (9 mL) was added, during 
which it is critical that the surfaces are never allowed to be dry. This dilution was 
repeated two more times. After 5 min of bubbling, 1-octadecene (4 mL) was added to the 
liner, which was capped and loaded into the Parr digest bomb, sealed, and placed in a 
preheated sand bath at 160 °C for 16 h. Samples were removed, rinsed CH3CN (3x), 
rinsed with hexanes (3x), and dried under a stream of N2. 
256 
4.2.4 Results and Discussion 
Si(l 11) surfaces were treated with hydrosilylation in the presence of HF (BG1) at 
140 °C for 2.5 d in a Parr digest bomb. The XPS analysis showed no SiCh signal within 
the Si2p (Figure 4.2.4A) on the day of grafting. The strong Cls signal (Figure 4.2.4B) 
verifies that molecular grafting has occurred successfully. The surfaces also show a high 
water contact angle of 140 ° (Figure 4.2.4D), approaching superhydrophobicity (-150 °). 
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Figure 4.2.4. Results for Si(l 11) surfaces receiving hydrosilylation grafting (BG1) in the 
presence of HF at elevated temperatures in the Parr reactor. XPS data (A) Si2p, (B) Cls, 
and (C) survey of the surface on the day of grafting. (D) Shows the image from the 
goiniometry measurement providing a 140 ° water contact angle. 
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When lower HF concentrations (BG2) were used for this hydrosilylation the 
resulting surface demonstrated a larger SiOx signal based on XPS analysis (Figure 
4.2.5A) on the day of grafting; however, the CIs (Figure 4.2.5C) signal verified a good 
degree of molecular grafting had occurred. Despite the large SiOx signal, the molecular 
grafting demonstrates a high contact angle of 90 ° (Figure 4.2.5D) relative to that of 
oxidized Si alone (typically < 25 °). 
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Figure 4.2.5. Results for Si( l l l ) surfaces receiving hydrosilylation grafting in the 
presence of HF (BG2) and at elevated temperatures in the Parr reactor. (A) XPS Si2p 
signal representing a large SiOx signal (103 - 106 eV) relative to the Si (99 - 101 eV) 
signal. (B) XPS Cls signal and (C) survey scan with relative atomic concentrations. (D) 
Goniometry of the surface demonstrating a contact angle of 90 °. 
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Aryl diazonium salt 1 was grafted onto hydrogen passivated Si(l 11) surfaces and 
characterized by XPS and goniometry. The Si2p signal (Figure 4.2.6A) demonstrates 
only a small amount of Si oxidation has occurred between grafting and analysis, a 
testament to the film packing quality. The Cls signal (Figure 4.2.6B) illustrates carbon 
content on the surface as well as the appearance of a shoulder around 287 eV 
representing carbon bound to the electronegative fluoride on the aryl ring. XPS survey 
scan analysis (Figure 4.2.6C) indicates reasonable molecular coverage and fluoride 
concentration. Goniometry (Figure 4.2.6D) indicates a 70 ° water contact angle on the 
surface after grafting. 
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Figure 4.2.6. Results for Si( l l l ) surfaces receiving aryl diazonium 1 grafting in the 
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grafting. (D) Shows the image from the goniometry measurement providing a 70 ° water 
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MEMS Devices. Accelerometers were among the first MEMS devices to be 
commercially applied in their use as sensors for air-bag deployment in automobiles. 
These devices utilize a change in the capacitances of interdigitated poly Si comb 
structures to serve as suspended proof masses to sense acceleration.1'3 While their Si 
components do not contact, and therefore do not suffer from issues with wear due to 
friction and abrasion, they can suffer from stiction issues and collapse from exposure to 
water after etching. Therefore, any protection that can be afforded by molecular 
modification is likely to increase device yield and environmental robustness. As seen in 
Figure 4.2.7, the MEMS accelerometers explored here suffered from capillary force 
induced stiction and collapse when exposed to humidity or liquid water, demonstrating 
many broken poly Si comb structures. 
Figure 4.2.7. MEMS Accelerometers. (A) Devices without exposure to moisture. No 
stiction or broken poly Si combs observed. (B) Devices after exposure to humid air 
demonstrating many broken poly Si combs. 
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The MEMS devices were first hydrosilylated under BG1 conditions; however, the 
higher HF concentration that yielded a low oxygen content hydrophobic film on flat 
Si(l l l) (Figure 4.2.5) proved too destructive to the fine structures within the MEMS 
accelerometers resulting in a thoroughly pitted and dirty surface (not shown). Therefore, 
a modified grafting procedure, BG2, that utilized a lower HF concentration was used, the 
results of which are seen in Figure 4.2.8. The surface appears to have little damage or 
debris, and the poly Si combs remain intact even after exposure to liquid water. 
Figure 4.2.8. MEMS accelerometers that were treated under HF-hydrosilylation grafting 
conditions (BG2) followed by a liquid water rinse. 
Aryl diazonium salt grafting of the MEMS was performed in a dilute HF / CH3CN 
solution to determine what protection if any would be afforded against stiction or 
collapse of the poly Si combs. Figure 4.2.9 illustrates that the grafting did manage to 
protect the device from stiction and collapse; however, the surface does appear 
roughened after the grafting, compared to either ungrafted devices (Figure 4.2.7) or the 
thermal hydrosilylation BG2 (Figure 4.2.8). 
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Figure 4.2.9. MEMS accelerometer after grafting of aryl diazonium salt 1. 
MEMS device chips were also exposed two both grafting procedures in tandem. 
Based on previous work (Section 4.1), the aryl diazonium grafting is carried out first, 
followed by a careful rinsing process, and finally the thermal hydrosilylation with 1-
octadecene under conditions similar to (BG2). As shown in Figure 4.2.10, these devices 
do seem to be afforded protection against stiction and collapse; however, there is a large 
amount of debris remaining on the surface, even after repeated rinsing. 
Figure 4.2.10. MEMS accelerometer after receiving aryl diazonium salt grafting 
followed by thermal hydrosilylation treatment. 
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The MEMS accelerometers were submitted to heat treatment to determine the 
thermal stability of the molecular layer on the MEMS surface at elevated temperatures in 
air, as lack of thermal stability is one of the most significant hurdles to overcome in using 
molecular layers in any semiconductor manufacturing application. The BG2 
hydrosilylated devices (shown in Figure 4.2.8) were selected since they possessed the 
least surface debris after grafting. These devices were placed in a preheated quartz tube 
furnace at 300 °C for 2 min in air and then rinsed again with liquid water (Figure 4.2.11A 
and C). The devices were heated once more, this time to 350 °C in air for 2 min and again 
rinsed with liquid water (Figure 4.2.1 IB and D). The microscopy images indicate that the 
molecular layer continued to protect the MEMS device from collapsing as the poly Si 
combs remained intact. These thermal treatments mimic the conditions the devices might 
expect to experience after molecular grafting during the final stages of device fabrication 
and packaging. There appeared to be little damage to the Si combs and only a small 
amount of debris on the surface. 
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Figure 4.2.11. MEMS devices receiving bomb grafting procedure (BG2) then heated to 
300 °C in air for 2 min then rinsed again with liquid water (A and C), then heated to 
350 °C in air for 2 min and again rinsed with liquid water (C and D). 
4.2.5 Conclusion 
We have demonstrated two conformal molecular grafting techniques, diazonium 
salt grafting and hydrosilylation, in the presence of an HF etchant. The two grafting 
techniques were each explored on Si(l 11) surfaces and the results were analyzed by XPS 
and water contact angle goniometry. These grafting techniques were also applied 
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individually and in tandem to MEMS accelerometers which suffered from release stiction 
and collapse after exposure to moisture. Both grafting methods afforded the MEMS 
devices protection from capillary collapse upon contact with liquid water. These devices 
demonstrated robustness after receiving the grafting treatments when exposed to humid 
air, liquid water. The devices that received the thermal hydrosilylation treatment survived 
heat treatments at 300 °C and 350 °C in air followed by water washes, mimicking 
constraints imposed by backend processing. 
We are currently establishing collaborations to further explore the application of 
this technique to standard MEMS test-bed structures in order to gain further insight into 
its effects on MEMS device operation. 
4.2.6 Contributions 
I performed all of the synthesis, grafting, and characterization for most of this 
section. Dr. Tao He provided one of the microscope images of MEMS devices. Thanks to 
Professor Natelson's group for the use of his microscope for MEMS device images. 
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Chapter 5 
Graphene Molecular Modification 
267 
5.1 Kinetics of diazonium functionalization of chemically converted 
graphene nanoribbons 
5.1.1 Section Abstract 
Here is it demonstrated that graphene nanoribbons (GNRs) produced by the 
oxidative unzipping of carbon nanotubes can be chemically functionalized by diazonium 
salts. Functional groups form a thin layer on the GNRs and modify their electrical 
properties. The kinetics of the functionalization were monitored by probing the electrical 
properties of GNRs, either in vacuum after the grafting, or in situ in the solution. A 
simple kinetics model was derived that describes the change in the electrical properties of 
the GNRs. The reaction of GNRs with 4-nitrobenzene diazonium tetrafluoroborate was 
reasonably fast, such that > 60% of the maximum change in the electrical properties was 
observed after less than 5 min of grafting at room temperature. 
5.1.2 Introduction 
Graphene, a single or a few atomic layers of sp carbon atoms, has recently been 
the subject of intense research due to its unusual physical properties1 and potential 
applications in electronics, sensors, composite materials, and other technological fields.2 
As graphene could complement Si in future electronics, it is important to control its 
electrical properties; one such method is chemical doping. Previous work has 
demonstrated that gas molecules3 and alkali metal atoms4 can be physisorbed on the 
surface of graphene and thereby alter its conductivity, shift its neutrality point (V^p), and 
affect the mobilities of the charge carriers. However, physisorption of the dopants can be 
problematic because the species are only weakly bound to graphene, and their continued 
presence on the surface may require delicate temperature and pressure control. Thus, the 
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chemical modification of graphene, where functional groups are covalently bound to the 
surface, is a stable alternative that has yet to be fully studied. We disclose here a device 
embodiment to track the kinetics of covalent functionalization using the device current. 
Figure 5.1.1. (A) Schematic of the chemical functionalization of GNR devices with 4-
nitrophenyl groups. Electronic devices consisted of monolayer GNRs contacted with Pt 
source (S) and drain (D) electrodes. The devices were fabricated on a 200-nm-thick 
thermal SiCh over heavily doped p-type Si that was used as a back gate (G). (B) Top-
view scanning electron microscopy (SEM) image of a typical electronic device based on 
a single-layer GNR. (B) Collection of molecules synthesized for this project; to date, only 
the first, 4-nitrobenzenediazonium tetrafluoroborate has been thoroughly explored. 
One approach to functionalization of various materials is diazonium chemistry.5"10 
Diazonium compounds with electron-donating or withdrawing groups have been used to 
modify the transport in Si after aryl assembly on the device surfaces, resembling n- and 
p-dopants in their final behaviors. " Recently, experimental reports have appeared on 
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diazonium grafting of graphene,14"16 which could become a promising pathway toward 
graphene devices with modified electrical propeties17 and graphene p-n junctions.18 Here 
we report on the chemical functionalization of GNRs, prepared by the chemical 
unzipping of CNTs,19 functionalized by 4-nitrobenzene diazonium tetrafluoroborate 
(Figure 5.1.1 A), with an emphasis on the electronic properties of the modified GNRs and 
the kinetics of molecular grafting. Three other aryl diazonium salts with ^-donating or 
withdrawing groups were synthesized for this project (Figure 5.1.1C); however, only the 
4-nitrobenzene diazonium tetrafluoroborate-modified GNRs have been electrically 
characterized to date and will be presented. 
5.1.3 Experimental 
General NOBF4 Diazotization Procedure. CH3CN (Sigma-Aldrich, 99.8%, 
anhydrous) and 4-nitroaniline (> 99%, Sigma-Aldrich) were used as received. NOBF4 
was synthesized as previously described.20'21 An oven dried round-bottom flask was 
brought into a N2 glove box and charged with NOBF4, sealed with a septum, and then 
removed from the glove box. The flask was placed under an Ar atmosphere, and then 
solid was then dissolved in CH3CN, after which the flask was cooled to 0 °C in an ice 
bath. A second round bottom flask was charged with the aryl amine, sealed with a 
septum, evacuated and refilled with Ar (3x), and CH3CN was added to dissolve the 
starting material. The contents of the second flask were then slowly transferred via 
cannula into the first. After 30 min, Et20 was added to the flask to precipitate the 
resulting diazonium salt. The precipitate was filtered and washed thoroughly with cold 
Et20, and dried under vacuum. The diazonium salts were carefully stored in the dark at 
-10 °C under Ar before and after each use to avoid decomposition. 
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02N—^ fi— N2+ BF4" 
22 Synthesis of 4-Nitrobenzenediazonium Tetrafluoroborate. Using same 
general procedure described above, with 4-nitroaniline (3.00 g, 21.7 mmol) was reacted 
with NOBF4 (2.54 g, 21.9 mmol) in CH3CN (100 mL) to yield 4.44 g (18.7 mmol, 86%) 
of a light-grey solid. lH NMR (400 MHz, D20) 8 8.92 (d, J= 9.2 Hz, 2H), 8.76 (d, J= 
9.2 Hz, 2H); 13C (100 MHz, D20) 5 154.2, 134.4, 126.8, 120.7. 
) N _ < 0 ^ N 2 + Bp4" 
Synthesis of 4-JVyV-Dimethylaminodiazonium Tetrafluoroborate.23 Using 
same general procedure described above, 4-amino-N,N-dimethylaniline dihydrochloride 
(3.00 g, 14.3 mmol) was reacted with NOBF4 (1.68 g, 14.5 mmol) to yield 2.48 g (74%) 
of a bright-yellow powder. *H NMR (400 MHz, D20) 8 8.04 (d, J= 9.8 Hz, 2H), 6.97 (d, 
J = 9.8 Hz, 2H), 3.30 (s, 6H); 13C (100 MHz, D20) 8 157.5, 133.6, 114.9, 106.0, 40.8. 
NC 
v\ />-N2'BF4-
Synthesis of 4-Cyanobenzenediazonium Tetrafluoroborate.24 Using the 
general procedure described above, 4-cyanoaniline (2.00 g, 16.9 mmol) was reacted with 
NOBF4 (2.16 g, 18.6 mmol) in CH3CN (75 mL) to yield 0.40 g (11%) of an off-white 
powder. !H NMR (400 MHz, D20) 8 8.78 (d, J= 8.9, 2H), 8.36 (d, J= 8.8, 2H); 13C (100 
MHz, D20) 8 135.6,132.8,123.7,119.6, 116.2. 
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Synthesis of 4-(Methylbenzoyl)diazonium Tetrafluoroborate.25 Using the 
general procedure described above, methyl 4-aminobenzoate (2.00 g, 13.2 mmol) was 
reacted withNOBF4 (1.69 g, 14.6) in CH3CN (75 mL) to yield 0.160 g (5%) of an off-
white powder. *H NMR (400 MHz, D20) 5 8.71 (d, J= 9.1, 2H), 8.49 (d, J=9.\, 2H); 
13C (100 MHz, D20) 5 165.64, 141.01, 132.72, 132.19, 118.67,53.98. 
Fabrication of GNR devices. Electronic devices were fabricated as described in 
our previous work.26 Briefly, multiwalled CNTs from Mitsui & Co. (lot no. 
05072001K28) were first unzipped to graphene oxide nanoribbons (GONRs) in 0.5% 
wt/vol solution of KMnCu in H2SO4 so that 5 g of KMnCu was used for each 1 g of 
MWCNTs. The resulting GONRs were reduced by hydrazine at 95 °C to chemically 
converted GNRs that were subsequently dispersed over a Si/SiC^ substrate (heavily 
doped p-type Si with a 200-nm-thick thermal SiC>2 layer) and annealed in H2/Ar (1:1, < 1 
atm) at 900 °C for 1 h. The GNRs on the substrates were studied by SEM (JEOL-6500 
field-emission scanning electron microscope) and atomic AFM (Digital Instruments 
Nanoscope Ilia). Pt contacts (20 nm thick) were patterned across the ribbons by standard 
electron beam lithography followed by electron beam evaporation. Only monolayer 
GNRs that spanned the two electrodes were selected for the fabrication of electronic 
devices.27 Figure 5. LIB shows an SEM image of a typical electronic device. Overall, 10 
devices were fabricated for this study; the widths of the GNRs were 200 - 350 nm and 
the electrode spacings were 500 - 800 nm. Previous studies of similar devices revealed 
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that GNRs have an average conductivity of 35 S/cm and exhibit ambipolar electric field 
effects, and with the Pt electrodes, contact resistances are minimal as the 2- and 4-probe 
measurements are nearly identical.26 
Diazonium functionalization of GNR devices. In the grafting experiments, the 
substrates bearing the GNR devices were brought into a N2 glove box and placed in a 
fresh 10 mL solution of the diazonium salt in Ar degassed CH3CN (1 mg/mL). After 
remaining in the solution for the required amount of time (from several min to a few h), 
the substrates were thoroughly rinsed with CH3CN (3*), blown dry with N2, and further 
dried under vacuum in the glove box antichamber. The samples were transported to and 
from the probe station (Desert Cryogenics TT-probe 6 system) under an inert atmosphere 
to minimize exposure to oxygen and humidity. After loading the samples in the probe 
station, they were kept under vacuum (~ 10" 5 Torr ) for2-3dto minimize the effect of 
the molecules adsorbed on the surface of GNRs.12 During this evacuation period we 
measured the electronic properties of the GNR devices every 12 h until the p-doping 
effect of the molecular adsorbates disappeared and the electronic behavior of the devices 
stabilized. The electrical measurements were performed at room temperature (rt) using 
an Agilent 4155C semiconductor parameter analyzer, and then the devices were 
transported back to the glove box for the next grafting. Several consecutive grafting-
evacuation-measurement cycles were made until the grafting did not result in apparent 
changes in the electrical properties of the GNRs. 
XPS analyses. XPS spectra were recorded using a PHI Quantera SXM scanning 
X-ray microprobe. Bulk GNR samples (thick films of GNRs on Si/SiC>2 substrates) were 
treated with a CH3CN solution of diazonium salt for 15 min, as described above, then 
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washed for 30 min in CH3CN and then in acetone for 10 min to remove possible traces of 
CH3CN. The control sample was prepared by immersing similarly thick GNR films in 
CH3CN for 45 min and then washing in acetone as described above. 
5.1.4 Results and Discussion 
Grafting of the diazonium salt was performed on GNRs serving as the channels of 
the nanoscale electronic devices, as schematically shown in Figure 1A. This approach 
enables direct probing of the effect of chemical functionalization on the electronic 
properties of GNRs. Figure 5.1.IB shows a scanning electron microscopy (SEM) image 
of a typical electronic device based on a monolayer GNR. Only monolayer ribbons were 
selected for the device fabrication. 
For the grafting experiments it was important to use the freshly synthesized 
diazonium salts due to the poor purity of commercially available diazonium salts and 
their gradual decomposition, no matter the purity, under ambient conditions. Therefore, 
4-nitrobenzene diazonium tetrafluoroborate was synthesized and characterized by NMR 
just prior to the grafting experiments. 
We used X-ray photoelectron spectroscopy (XPS) to verify that 4-nitrophenyl 
groups are strongly attached to GNRs. Figure 5.1.2 shows the Nls XPS spectra of the 
functionalized if-) and control bulk GNR samples. No nitrogen was found in the control 
sample, suggesting that all of the nitrogen content of the/-GNRs was due to the treatment 
with diazonium salt, not from the solvent or air. Also no boron or fluorine signals were 
detected in the samples, eliminating the possibility of non-covalent physisorption of the 
molecules or the presence of residual BF4" counter-ions. 
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Figure 5.1.2. Nls and Cls XPS spectra of the functionalized if-) and as-prepared GNRs. 
There are two peaks in the Nls XPS spectrum of ^GNRs (Figure 5.1.2). The 
sharp distinct peak at -406 eV corresponds to the nitrogen in the nitro group. The broad 
peak at -400 eV corresponds to nitrogen in the lower oxidation states. This peak was 
observed earlier in the study of epitaxial graphene grafted with 4-nitrophenyl groups, and 
was explained by reduction of nitro groups by X-ray radiation in the XPS spectrometer 
chamber.15 A plausible alternative process could be in situ electrolytic reduction of the 
nitro groups by electrons from neighboring islands of intact graphene. Alternatively, the 
400 eV peak could correspond to diazenyl groups introduced by electrophilic attack of 
the diazonium cation on aromatic rings (azo coupling reaction). Both Nls peaks were 
observed after extended washing (up to 72 h) of the^GNRs with CH3CN, and even after 
drying the samples in vacuum at 200 *°C, suggesting the strong attachment of 4-
nitrophenyl groups to the GNRs. 
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The peak in the Cls XPS spectrum (see the inset in Figure 5.1.2) broadens after 
the grafting. This effect could be attributed to two different factors: (1) the presence of 4-
nitrophenyl groups with C-N bonds in the/-GNR sample, which results in the appearance 
of a new component at 285.7 eV and thus broadening of the main C peak at 284.8 eV 
toward the higher energy region; (2) an increase in the number and contribution of 
graphene-derived sp C bonds. 
Figure 5.1.3 illustrates the effect of grafting on the electrical properties of GNRs. 
Figure 5.1.3A shows that as-prepared GNR devices exhibited electric field effects, and 
the ambipolar transfer characteristics for the same device are shown in Figure 5.1.3B. 
Interestingly, after the diazonium treatment, the conductivity of GNR devices gradually 
decreases with grafting time over the entire Fg-range, which can be explained by the 
covalent attachment of 4-nitrophenyl groups to the GNRs, resulting in the transition of 
the graphene carbon atoms from sp to sp hybridization. This result contrasts the data 
reported for graphene devices treated with 4-bromobenzene diazonium salt, where the 
o 
current at the neutrality point (INP) did not change after grafting. However, in this case 
no significant shift of VMP or other prominent doping effects were observed as were 
reported in ref. 8. These result might suggest that functionalization with different aryl 
diazonium salts could produce GNRs with differing electrical properties; changing the 
group in the para position of the phenyl group could modulate doping-like effects. This 
could be promising for tuning electronic properties of graphene devices through chemical 
functionalization. 
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Figure 5.1.3. (A) Isd - Vsd curves recorded at different gate voltages for the GNR device 
shown in the SEM image in the inset. (B) Iscj - Vg curves recorded at Vsd ~ 0.1 V for the 
same electronic device as in (A) after several consecutive grafting experiments; the 
captions show the total grafting time. (C) Dependence of the minimum current (IMP) at the 
neutrality point versus grafting time for the same electronic device. Black squares show 
experimental data points taken from (B) and the red line is their fitting with the eq 3; see 
text for details. The inset shows a fragment of a similar dependence for another GNR 
device. All IV measurements were performed in a probe station at ~10"5 Torr. 
Since functionalization of GNRs results in a decrease in their conductivity, we 
can monitor the kinetics of the reaction by probing the electrical properties. The black 
squares in Figure 5.1.3c show the current at the neutrality point (IMP) versus grafting time 
(t) for two of the measured devices. The reaction is reasonably fast, as INP drops ~ 2-fold 
within the first 5 min of reaction. To simulate the data, a simple kinetics model can be 
derived by making two assumptions: 
(1) Each 4-nitrophneyl group attached to the GNR results in a transition of one 
carbon atom from sp to sp hybridization and a corresponding decrease in the 
conductivity of the GNR: 
AI(N)~-N (1), 
where / is the current through the ribbon at a certain bias, and N is the number of 4-
nitrophenyl groups already attached to the GNR. 
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(2) The more 4-nitrophenyl groups attached to the GNR, the slower the reaction 
of additional diazonium salts with the GNR, since the number of the sites available to 4-
nitrophenyl groups decreases. So, we can assume that 
Combining (1) and (2) and applying the boundary conditions, an equation for the 
current through the GNR versus the grafting time can be derived: 
I(t) = (I0 - JImax) + Almax'expi-W) (3), 
where Io is the current before grafting, AImax is the maximum current drop after 
attachment of the maximum number of 4-nitrophenyl groups possible, and t' is the 
characteristic time of reaction when the current drop is (e - l)/e-AImax ~ Q.63-AImax. 
The experimental data for all 10 devices tested can be described by eq 3; two 
examples are shown in Figure 5.1.3C (red lines). The characteristic time of the reaction 
(/') ranges from 3 to 4.5 min, again showing that functionalization occurs reasonably 
quickly. 
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250nm 250nm 
Figure 5.1.4. SEM images of the same GNR device (A) before and (B) after diazonium 
functionalization for 1 h. (A) Shown is a monolayer GNR that spans from one Pt 
electrode to another one; a part of GNR is covered by another ribbon; the numbers 
indicate single- and bilayer regions. (B) After the grafting the brightness difference 
between these regions is less distinct. The small arrows in (A) and (B) show a wrinkle 
formed by the top ribbon. 
To further investigate the diazonium functionalization of GNRs, SEM images of 
the electronic devices were compared before and after grafting. In all but one case, a 
single-layer GNR spanned the entire distance between the two electrodes. In one case, 
which accentuates the grafting effects, we show in Figure 5.1.4 a GNR that comprises the 
coexistence of mono- and bilayer parts. As we have reported in our previous work, mono-
and bilayer ribbons on Si/Si02 can be easily distinguished by the relative brightness in 
SEM images: bilayer ribbons are always darker than the monolayer ribbons, and this was 
correlated with AFM measurements.27 Interestingly, this brightness difference becomes 
far less distinct after the grafting and can be hardly seen even at very high contrast as in 
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Figure 5.1.4B, since after the grafting both mono- and bilayer parts are covered by the 
same thin layer of functional groups. Only a distinctive wrinkle formed by the top ribbon 
can be distinguished through the organic layer, thus indicating that the top ribbon is still 
present. 
In the described experiment it took about 2-3 d (including grafting, evacuation in 
the probe station, and electrical measurements) to obtain each data point. Alternatively, 
we have investigated the kinetics of the functionalization of GNRs in situ, as 
schematically shown in the upper inset in Figure 5.1.5. Au wires were attached to the Pt 
electrodes by indium soldering, and then they were connected to an Agilent 4155C 
semiconductor parameter analyzer. The advantages of this experimental design are (a) the 
high resolution of the resulting kinetic curves (~ 1 data point/s was measured) and (b) the 
minimized impact of atmospheric adsorbates. However, gating could not be applied since 
the CH3CN solution of 4-nitrobenzene diazonium salt is slightly conductive. 
Once the device is immersed in the solution, the measured current increases since 
the resistances of the GNR device (Rdev) and the solution (Rsoi) are in parallel, as shown in 
the lower inset in Figure 5.1.5. Therefore, in this experiment we simultaneously measured 
a GNR device and a reference device immersed in the same solution, where the reference 
device was exactly the same as a GNR device but without a nanoribbon. Figure 5.1.5 
shows the current /, that was calculated as / = IQNR - Irefi where IQNR and Iref are the 
currents through the GNR and reference devices, respectively, which were 
simultaneously measured, each in a two-terminal geometry at V - 0.1 V. Figure 5.1.5 
shows that immediately after devices are immersed in the CH3CN solution of 4-
nitrobenzene diazonium salt, the current / starts decreasing due to the chemical 
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functionalization of a GNR and the corresponding increase in Rdev. The resulting kinetics 
curve measured in a solution resembles those recorded in vacuum and can also be fitted 
by eq 3. This curve corresponds very well to those obtained in Figure 5.1.3C, but the in 
situ method provides far more precision. 
U i . , . 1 . 1 
0 5 10 15 
t (min) 
Figure 5.1.5. Time dependence of current / = IQNR - he}, where IQNR and Iref are the 
currents through the GNR and reference devices, respectively, which were 
simultaneously measured in a two-terminal geometry at V = 0.1 V. From t = 0, both 
devices were immersed in the same CH3CN solution of 4-nitrobenzene diazonium 
tetrafluoroborate. The scheme of the experiment is displayed in the upper inset but the 
reference device measured using the same electrical circuit is not shown. The lower inset 
shows that once immersed in a solution, the GNR device can be presented as the parallel 
connection of R^y and Rsoi, where Rdev is the actual resistance of the GNR device and Rsoi 
corresponds to the resistance of the solution. 
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In order to determine if the observed behavior was unique to unzipped GNR, we 
have begun to explore similar grafting experiments on small flakes of graphene as well. 
The graphene was prepared by initially cooling a graphite flake and a Si/SiC>2 (300 nm) 
substrate in a refrigerator ( 1 0 - 1 5 °C), followed by shearing off the graphene flakes by 
drawing the graphite over the surface of the chip. Figure 5.1.6A displays the one device 
constructed and tested to date, measuring about 1 urn in length and about 250 nm in 
width. The SEM image verifies that the crystallinity of the flake was preserved during 
deposition. AFM analysis (Figure 5.1.6B) indicates a height of about 2.7 nm, 
corresponding to 2 - 4 layers in the location measured; however, it is possible that the 
layer thins out near the electrode where the AFM tip cannot effectively measure. 
hd ~ Vg analysis of the ungrafted graphene indicated that the device initially 
functions as a p-doped semiconductor; however, after several hours in the vacuum of the 
probe station, the device managed to expel these dopant adsorbates and the neutrality 
point moved near 0 V (Figure 5.1.7A). After the initial round of nitrobenzene diazonium 
salt grafting for 5 min, the Isd - Vg curve shift to the right, demonstrating a p-doping 
effect behavior without reducing the current or the mobility of the device, which is 
different than the behavior observed for the GNR devices. Unfortunately, the device did 
not survive to undergo a second grafting due to structural failure in the probe station 
(Figure 5.1.8), likely due to physical stress from the repeated application and removal of 
the probe tips. We are currently working to construct more graphene flake devices to 
further explore the application of this diazonium grafting technique to carbon materials. 
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- it\-."Me' 
Figure 5.1.6. (A) SEM image of the graphene flake on Si02 substrate with Pt electrodes. 
(B) AFM of the graphene flake, with a sectional analysis demonstrating a height of about 
2.7 nm. 
284 
12 
11 
10 
1 9 
3 8 
— -Initial Scan 
— 2 6 h 
44 h 
i i i 
• •• 
-40 -30 - 2 0 - 1 0 0 10 20 30 40 
Vg/V 
Figure 5.1.7. (A) Isd - Vg curve for the unmodified graphene flake device, initially 
showing p-doped behavior (blue, dashed-line) until under vacuum for 3 d (purple, dotted-
line), and little change is observed after pumping down an additional 8 h (black, solid 
line). (B) Isd - Vg curve for graphene flake device after a 5 min nitrobenzene diazonium 
salt grafting. The initial scan (blue, dashed-line) demonstrates strongest p-doped 
behavior; however, between 26 h (gold, solid-line) and 44 h (black, dashed-line), little 
change is observed, and some p-doped character persists. 
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Figure 5.1.8. SEM image of the broken graphene flake device. 
5.1.5 Conclusion 
We have demonstrated that GNRs can be chemically functionalized by aryl 
diazonium salts while the kinetics of the functionalization can be monitored by probing 
the electrical properties of GNRs, either in vacuum after the grafting, or in situ in the 
solution. The change in the electrical properties of GNRs can be described by a simple 
kinetics model. The reaction of GNRs with 4-nitrobenzene diazonium tetrafluoroborate is 
reasonably fast, such that > 60% of the maximum change in the electrical properties is 
observed after less than 5 min of grafting at room temperature. Overall, diazonium 
functionalization could be a promising way to alter the electrical properties of graphene 
devices. The stability of GNR devices in a solution also enables their possible use in 
electrochemical applications. The work on chemically functionalizing graphene flakes 
with aryl diazonium salts is continuing, and should provide an interesting comparison to 
trends observed for GNRs. 
The work on GNRs has been submitted for publication in the ACS Nano journal. 
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5.1.6. Contributions 
For this work I contributed to the synthesis of the diazonium salt and the 
functionalization of the GNRs and the graphene flake device. Dr. Alex Sinitskii 
contributed to the electronic measurements and the mathematical models. Dr. Airat 
Dimiev contributed to the placement of the GNRs on the substrate surface and the XPS 
analysis. Alexandra Fursina contributed to the in situ functionalization experiment. Elvira 
Beitler contributed the fabrication of the graphene flake device and its characterization 
before and after grafting. 
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Appendix A. 
NMR (*H and 13C), FTIR, ESR Spectra 
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